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Abstract 
Transparent conducting patterns (TCPs) are critical components that are required to be 
integrated into photovoltaic (PV) cells for energy harvesting. Among the manufacturing 
processes that are available for the deposition of TCPs onto various substrates, inkjet 
printing which can be categorised as an additive dispensing process has demonstrated 
its competitiveness by offering numerous advantages, including non-contact, high 
resolution, high printing speed, low cost and low material consumption. However, the 
present bottlenecks to be overcome for further take-up of inkjet printing technology 
imperatively demand the understanding of materials behaviour involved in the ink 
formulation and printing process. This thesis is dedicated to the elaboration of 
fundamental aspects of technical challenges that have been encountered in the uses of 
inkjet printing technology for the generation of TCPs, thereby optimisation of 
functional properties of the printed patterns can be achievable through the modification 
of inks and optimum parameters used in the printing process.  
In this study, the methods of adjusting the relevant properties of deionized water by 
adding certain additives (e.g. surfactants) were firstly developed to obtain the desirable 
properties viable for inkjetting, thereby a water-based solution or suspension containing 
the functional materials can be prepared and modified as an ink suitable for use in 
specific inkjet printheads. To elaborate the characteristics of inks during jetting, the 
effect of ink properties (e.g. viscosity and surface tension) on the formation of droplets 
during the inkjet printing process were then analysed through numerical simulation 
using FLUENT software package. Experimental trials were then exercised for the 
successful deposition of basic patterns including dots, tracks and films. Applying the 
above stated approaches, this thesis has primarily focused on the ink formulation and 
printing experiments to understand the materials behaviour in the deposition of TCPs 
based on three types of transparent conducting materials that have been commonly used 
in the production of TCPs. 
Deposition of PEDOT:PSS thin films: the electric conductivity of inkjet printed 
PEDOT:PSS thin films has been optimised through annealing processes and conductors 
doping. It has been found that drastic improvements of the electric conductivity of the 
deposited thin films can be achieved through solvent annealing by adding glycerol as 
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the co-solvent. However, thermal annealing of the thin films after inkjet printing was 
found to be inefficient for improving the electric conductivity of PEDOT:PSS. 
Interestingly, doping silver nanoparticles in the PEDOT:PSS ink can increase in the 
electric conductivity of PEDOT:PSS thin film, but this increase has inevitably resulted 
in a reduction in the optical transparency.  
Deposition of ITO patterns: Laser assisted inkjet (LIJ) technology has been for the first 
time applied for the deposition of ITO (Indium-Tin Oxide) patterns onto glass 
substrates. The location of in-situ laser radiation around the position of ink droplet 
landing has been altered as such an optimised location can be determined to obtain 
uniform ITO tracks with potential refined resolution of the track width. With the laser 
being focused on the identified optimum location, the effect of laser power on the 
morphology of tracks and the subsequent influence on the conductivity were then 
investigated. The experimental results have also revealed that the critical thickness 
(cracks are induced and emerged when the thickness of prints is greater than this value) 
of inkjet printed ITO tracks is larger than that for the films. This has been explained and 
discussed with the assistance of a mathematic model to elaborate the effect of the 
dimensions of the deposited structures. 
An in-situ synthesis of semi-transparent silver thin films: A novel process which is 
able to fabricate semi-transparent and conductive silver thin films in-situ has been 
developed in this work. This process utilised a unique approach to integration of 
conductive silver networks using a layer of precursor materials which can be pre-
deposited on the substrate by inkjet printing. The printed layer was then cured to enable 
in-situ synthesis of a thin film of silver network microstructure. The experimental 
investigation indicated that such microstructure of silver thin films is determined by the 
amount of ink materials deposited by inkjet printing; as such a conductive semi-
transparent silver thin film can be formed under the certain printing resolution. 
Key words: Transparent conducting pattern, inkjet printing, thin film, conductivity, 
transparency. 
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Chapter 1 Introduction 
1.1	Background	
1.1.1	Transparent	conducting	patterns	(TCPs)	
Transparent conducting patterns (TCPs) are structural patterns that are both optically 
transparent and electrically conductive. Due to the material physics, the visible light 
transmittance and electric conductivity of a material can be inversely correlated with 
each other, i.e., more transparent materials tend to have lower conductivity [1]. This is 
particularly true for the case of solid thin films. To ensure the electrical conductivity of 
solid thin films, no energy gap should exist between the energy level occupied by 
electrons and the empty energy level in the material, but in such a case, light can be 
easily absorbed when passing through the thin film due to the internal photoelectric 
effect [2]. Therefore, it has been recognised that a compromise often exists between 
conductivity and transparency for TCPs [3]. As a critical electronic component, TCPs 
are ubiquitously used in solar cells, displays, touch screens, smart windows, flexible 
lighting, and electronic books. The resistivity of commonly used TCPs range from <10 
Ω/sq to 106 Ω/sq, depending on the application [4] (Figure  0.1).  
 
Figure  0.1 Applications of TCPs with different resistivity  
At present, the most widely used TCPs are transparent conducting oxide (TCO) patterns. 
TCOs are doped metal oxides typically including indium tin oxide (ITO), fluorine 
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doped tin oxide (FTO) and doped zinc oxide (ZnO). The industry standard TCO is ITO 
which has a conductivity of 104 S/cm and a transmittance of larger than 80% [5]. 
However, ITO has the drawbacks of being expensive in materials and manufacturing. 
Therefore novel TCOs with multiple components such as aluminium doped zinc oxide 
(AZO), and indium doped cadmium oxide have been developed [6, 7]. Optimal 
combinations of different components have proved to be able to achieve high 
performance at a relatively low cost. TCO patterns can be fabricated by various 
methods including spray pyrolysis, electron beam evaporation, chemical vapour 
deposition, magnetron sputtering, radio frequency sputtering, molecular beam epitaxy, 
screen printing, pulsed laser deposition and sol-gel techniques [4, 8-11]. 
Conductive polymers gained prominence during the 1980s when a broad range of 
commonly available polymers were found to exhibit significant electrical conductivities 
via simple chemical doping mechanisms. The conducting polymers are mostly 
derivatives of polyacetylene, polyaniline, polypyrrole or polythiophenes [12]. 
Compared with TCOs, conducting polymers often have much lower conductivity (no 
higher than 3000 S/cm [13]), but higher transmittance (approx. 10% or less absorption 
in the visible spectrum [14]). Another advantage of conducting polymers is that they 
can be made into flexible patterns without losing much conductivity, which makes them 
useful in the development of flexible electronics. As conductive polymers are soluble in 
either water or organic solvents, the solution can be deposited in principle by all 
techniques that can be utilised for the deposition of waterborne coatings. The common 
deposition techniques for such materials include spin coating, drop casting, screen 
printing, doctor blading, inkjet printing and spraying [12]. 
Another important type of TCP is patterns made of emerging micro/nano structured 
materials. The development of new nanoscale materials has driven intensive research 
on the integration of optical, electrical, thermal, and mechanical properties in various 
forms. The new nanoscale materials can be made from individual separated functional 
components/elements and from continuous and percolated films. These include 
nanoscale forms of carbon such as carbon nanotubes (CNTs) and graphene, as well as 
nanostructured or microstructured metals, such as thin metal films, metal grids and 
metallic nanowires [15-18], shown in Figure  0.2. 
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Figure  0.2 SEM micrographs of (A) CNT film, (B) silver nanowire network, (C) Au nanowire grating and (D) 
AFM of graphene flakes  [15] 
Due to the relatively small size of the nanoscale forms of highly conducting “wires” or 
“sheets”, these materials can be dispersed in solvents to form suspensions which can be 
processed by low cost techniques, i.e. solution coating methods. The combination of 
less expensive raw material and low cost fabrication techniques has been very attractive 
for the continued research into these nano-materials and their potential applications.  
1.1.2	Inkjet	technology	
Inkjet technology is a printing process in which droplets of ink are projected through 
sophisticated machinery onto a substrate material to form a predesigned and computer-
determined pattern, as illustrated in Figure  0.3. 
 
Figure  0.3 Schematic illustration of drop on demand inkjet printing [19] 
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Since the first inkjet printer was invented during the 1950s [20], inkjet technology has 
become a versatile printing method and been extensively utilised for various 
applications thanks to the continuous improvement in print quality and reduction of 
cost. As a precision micro dispensing (1-100 picoliters) tool, inkjet printing has 
numerous unique advantages compared with the conventional printing process, 
including no -contact with the substrate, high resolution, high printing speed, low cost 
and low material consumption. Therefore, the technology has been used in a wide range 
of applications in biomedical, electronic, photonic and sensors manufacturing [21] [22-
25], as summarised in Figure  0.4. 
 
Figure  0.4 Applications of inkjet technology and market size (after ref. [26]) 
1.2	Problem	statements	and	research	motivation	
Inkjet printing has been considered as an alternative in the fabrication of various types 
of TCPs in recent years. Numerous research and investigations have been primarily 
focused on this area using engineering materials including conductive polymers, TCOs, 
carbonaceous material and metals [27-34]. Some of the inkjet printed TCPs have been 
integrated into photovoltaic devices and exhibited acceptable performance [32, 35-39]. 
However, there have been several technical factors to overcome to further 
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commercialize such technology, which have included resolving the challenges in 
understanding the materials behaviour in ink formulation and printing process.  
Firstly, except for metal inks, which have already been widely applied in inkjet printing, 
commercially available functional inks that can be deposited as TCPs are mostly 
designed for conventional fabricating approaches such as screen printing, spin coating, 
etc. Only limited types of functional inks designed for inkjet printing are provided by a 
few companies, for example, OrgaconTM PEDOT:PSS inkjet ink from AGFA [40] and 
ITO nanometal ink from ULVAC Technologies, Inc [41]. Nonetheless, the cost of such 
inks is often very high [42]. Moreover, the adjustments of the ink components are 
sometimes required in the processing of functional materials. For instance, Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS), a prevalent 
conducting polymer, often requires modification by adding co-solvents or conductors to 
achieve better electric conductivity before it is integrated in devices. However, inkjet 
printing demands strict properties of the inks to be jetted, and as such the types of 
materials that can be deposited by inkjet printing are restricted. For this reason, so far 
only initial trials on preparation of TCPs using pristine functional material, i.e. without 
doping additives which can critically affect the functionality, have been carried out 
through inkjet printing in lab-scale studies. Therefore, further understanding as to how 
the characteristics of fluidic inks can be controlled so that stable droplets with good 
morphology can be obtained during the inkjet printing is essential, which can thereby 
extend the application of inkjet printing in the fabrication of functional TCPs. 
There exists also another challenge in using inkjet printing, which is the control of 
feature size of ink deposition that ultimately determines the printing resolution for any 
viable application. As shown in Figure  0.5, the feature size of inkjet printing is 
normally higher than 10 µm, which is not competitive in the fabrication of integrated 
circuits (ICs). Theoretically, the attainable feature size of inkjet printing is governed by 
the droplet size generated through printing and the droplet interactions with the 
substrate surfaces [43]. Numerous methods and experimental trials have been 
implemented to reduce the feature size from these two aspects. Nonetheless, more 
effective approaches are still under investigations which may lead to future success.  
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Figure  0.5 Feature size of different printing methods [44] 
This work is initiated with a clear motivation to elaborate the fundamental aspects that 
are closely associated with the deposition of various patterns and thin films using inkjet 
printing techniques. This can allow the fabrication of various functional components or 
thin films such as conductive transparent films for photovoltaic applications.  
1.3	Research	aims	and	objectives	
This PhD project has concentrated on various fundamental aspects encountered in the 
application of inkjet technology for printing TCPs. The work has involved ink 
formulation aiming to deliver functional inkjettable fluids which may be readily used 
for deposition of various patterns through inkjet printing, and the optimisation of inks 
and jetting process to enable robust printed patterns. The objectives that must be 
realised through various tasks have therefore been identified as follows: 
1. To develop suitable methods for formulating inks with the functional properties as 
well as the characteristics suitable for inkjet process. This should be carried out by 
understanding the effect of the properties of inks on both the functional properties 
that can be achieved in the final deposited patterns and the effect on the formation 
of droplets in the process of inkjet printing. 
2. To implement various inkjet printing trials to test the formulated inks for the 
generation of certain patterns including dots, tracks and films, and explore the 
application in both lab-scale experimental inkjet printers and commercial 
industrialised printers. 
3. To optimise and enhance the electric conductivity of PEDOT:PSS thin films 
deposited by inkjet printing process, through incorporating conventional 
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enhancement approaches e.g. solvent annealing and doping with additional 
conductors, and to understand the mechanism of the improvements. 
4. To investigate and evaluate the application of laser assisted inkjet (LIJ) technology 
in the printing of ITO inks, achieving the fabrication of fine crack-free ITO 
patterns using two types of inks that have been developed for inkjet printing.  
5. To explore new approaches for the fabrication of TCPs through inkjet printing, in 
particular, in-situ approaches to the complex integration of multifunctional 
microstructures. 
1.4	Statement	of	the	main	contributions	to	knowledge	
1. The effect of relevant ink properties, including surface tension and viscosity on the 
formation of droplets from a commercial inkjet printhead was discussed. The 
results provide guidance for the formulation of inks for both lab-scale experiments 
and industrial production. 
2. Two methods (solvent annealing and doping with conducting nano particulates) 
through which the electrical conductivity of PEDOT:PSS can be improved were 
proved to be compatible with inkjet printing. It was verified that inkjet printing is 
an applicable process to prepare PEDOT:PSS patterns with high functionality. 
3. LIJ printing was for the first time applied in the preparation of ITO patterns. The 
printing parameters were optimised to achieve narrow ITO tracks with good 
morphology. It is found that LIJ is beneficial for the preparation of thick ITO 
patterns without inducing cracks. 
4. A self-assembly synthesis method to fabricate semi-transparent silver thin film 
using inkjet printing was developed. The electrical and optical properties of the 
silver thin films prepared in the initial trials indicate that this method opens up a 
new processing route for the fabrication of metallic TCPs. 
1.5	Thesis	structure	
This thesis contains eight chapters which can be divided into five sections, as shown in 
Figure  0.6, i) literature review; ii) methodology; iii) ink formulation and patterns 
printing; iv) printing of multi-functional patterns; and v) summary. 
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Figure  0.6 An overview of the thesis structure 
The first section served as literature review (chapter 2) introduces inkjet printing 
including the principle and applications. 
The second section (chapter 3) described the details of research methodology, technical 
approaches that are closely associated with the equipment and related tools used to 
prepare samples and characterisation, as well as the materials involved in this work. 
The third section (chapter 4) provides a detailed investigation on the suitability of inkjet 
printing process, involving the formulation of inkjet inks and various process 
parameters used in the printing of patterns (i.e. dot, track and film) obtained through 
numerous printing trials. Simulation is also conducted to understand the effect of ink 
properties on the formation of droplets by considering the properties of inks and 
printing parameters. 
The fourth section presents the main results of printing TCPs using three primary types 
of TCPs materials: PEDOT:PSS (chapter 5), ITO (Chapter 6) and silver (Chapter 7). 
Chapter 5 focuses on the preparation and optimisation of PEDOT:PSS thin films using 
inkjet process which includes the enhancement of electrical conductivity of the 
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deposited films through annealing treatments. In the printing of ITO described in 
chapter 6, simultaneous laser assistance for in-situ treatment of the inkjetted droplets is 
introduced which was merged with the inkjet system to achieve the fabrication of 
refined ITO patterns using two types of ITO inks prepared prior to the inkjet printing. 
In chapter 7, in-situ self-assembly synthesis of silver thin film that can serve as a 
transparent conducting thin film is described and the characteristics of the thin films 
obtained are compared with one another. 
Finally, the major findings of the thesis, as well as some recommendations for future 
work, are summarised in the final section (chapter 8). 
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Chapter 2 Inkjet Technology 
 
Inkjet is a non-contact dot-matrix printing technology in which droplets of ink are jetted 
from a small aperture directly to a specified position on a media to create an image. The 
first inkjet device was built by Elmqvist in 1951 [20]. After that, inkjet technology has 
been studied and improved frequently. In the 1970s, IBM [45] licensed the technology 
and adapted continuous inkjet technology (CIJ) for their computer printers. The first 
drop on demand (DOD) inkjet system was invented at the end of the 1970s and systems 
based on this technique were soon produced commercially [46, 47]. With the 
development of inkjet technology, the application of inkjet printers is no longer limited 
to imaging and marking. Inkjet has become a robust tool for the preparation of various 
patterns of functional materials. 
Compared with other printing methods, inkjet printing has numerous unique benefits. 
There is no contact between the printhead and substrate during the printing, therefore it 
has the capability of printing on a wide range of substrates. The substrate can be rigid 
or flexible, rough or smooth; even 3D surfaces can be processed. The deposition of the 
droplets is accurate and data-driven, leading to high quality outputs. Additionally, 
inkjet is a low cost process with high material usage efficiency, with a possibility of 
customisation for mass production that has also been demonstrated [48]. However, one 
of the main challenges for inkjet technology is in the development of functional inks. 
Due to the specific rheological requirements for the inkjet inks, many inks are 
remaining in the experimental trial stage, instead of commercialization of production 
[49].  
2.1	Classification	[50,	51]	
According to the principle of printing, inkjet technology can be broadly classified as 
continuous inkjet (CIJ) and drop on demand (DOD), with variants within each 
classification, as shown in Figure  0.1.  
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Figure  0.1 Classification of inkjet technology (after [51]) 
In CIJ, a pump directs liquid ink from a reservoir to microscopic nozzles creating a 
continuous stream of ink droplets by using high frequency vibration (typically 50 kHz 
to 175 kHz) to promote breakup of the jet by Rayleigh instability. The ink droplets are 
subjected to an electrostatic field to impart a charge. The charged drops are then either 
directly jetted to the substrate as printing drops or to a collection gutter for re-use after 
passing through a deflection field (Figure  0.2 (a)). In DOD mode, the drops are ejected 
as required (Figure  0.2 (b)). The drops are normally formed by a pressure pulse. The 
pressure pulse can be generated primarily using two methods, thermal and piezoelectric, 
which are the most common subcategories of DOD.  
 
Figure  0.2 Schematic of CIJ (a) and DOD (b) [50] 
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In thermal inkjet configuration, the drops are formed by rapidly heating a resistive 
element in a small chamber which contains the ink of print. The high temperature (350-
400 °C) causes the ink close to the heater to vaporize, creating a bubble which leads to 
a pressure pulse that forces the formation of drops through the nozzle (Figure  0.3 (a)). 
In piezoelectric inkjet configuration, the pressure pulse is caused by the distortion of a 
piezoelectric crystal when an electric field is applied (Figure  0.3 (b)). 
 
Figure  0.3 Schematic of thermal inkjet (a) and piezo inkjet (b) (after ref. [50]) 
The comparison of CIJ and DOD are summarized in Table 2.1. According to their 
advantages and disadvantages, CIJ and DOD are applied in different areas. The high 
drop ejection frequency of CIJ makes it suitable for high speed printing, such as 
labelling of packaging, while DOD is more suitable for applications requiring high 
precision. 
Table  0.1 Comparison of CIJ and DOD 
Type of inkjet Printing speed Resolution Ink Cost 
CIJ High Low 
Can be volatile 
Must be electrically 
chargeable 
High maintenance 
DOD 
Thermal Low High Special design required Low cost for printhead 
Piezo Low High Maximum ink development freedom 
High cost for printhead 
2.2	Inkjet	inks	
Four categories of inkjet inks which are primarily utilised commercially are phase-
change, solvent based, water based and ultra violet (UV) curable inks. The advantages, 
disadvantages and applications of the four types of inks are summarized in Table 2.2. 
Heater 
Piezo 
(a) (b) 
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Other types of inks such as oil-based and liquid toner are less prevalent therefore not 
listed. However, this classification is focussed on the conventional inks for image 
generation. Inks containing functional materials are mostly of the latter three forms. 
Table 2.2 The advantages, disadvantages and applications of four types of inks [52] 
 Advantages Disadvantages Applications 
Phase-
change 
Very fast drying 
Environmentally friendly 
Good opacity 
High quality 
Lack of durability 
Poor abrasion resistance 
Barcodes on nonporous 
substrates 
Solvent 
based 
Good print quality 
Good image durability 
Wide range of compatible 
substrates 
Low cost 
Fast drying time 
Environmental concerns 
Requirement for high 
maintenance 
 
Choice for grand format and 
wide format 
Water 
based 
Relatively inexpensive 
Environmentally friendly 
Requirement for porous or 
specially treated substrates 
Desktop 
UV 
curable 
Very fast drying 
Environmentally friendly 
Wide range of compatible 
substrates 
High quality 
Relatively expensive 
Requirement for special 
facilities 
Wide format/flatbed sectors 
Niche applications 
 
	
Ink properties including surface tension, viscosity, incorporated particle size, adhesion, 
cure rate and thixotropy need to be considered when formulating an inkjet ink [53]. 
Proper selection of these parameters is necessary to enable stable jetting of droplets 
with optimal morphology [54, 55]. Among these properties, viscosity, density and 
surface tension of the inks are of most concern as these parameters influence the drop 
formation mechanism and subsequent drop size under a given pulse wave. This study 
has concentrated on the viscosity and surface tension, because the inks adopted in this 
study are either solvent-based or water-based and the density of these inks is almost 
constant. 
Several characteristic dimensionless numbers, i.e. Re, We, Oh and Z, have been utilized 
to represent the physical properties of inks. Re (Reynolds number) is the ratio of the 
inertial to viscous forces, while We (Weber number) describes the balance between 
inertial and capillary forces [56]. Oh (Ohnesorge number) is defined as the ratio 
between the square root of We and Re, and is a measure of the influence of the viscosity, 
which is independent of fluid velocity. Z is the inverse of Oh: 
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Where ρ, u, a, σ and η are ink density, droplet velocity, characteristic length (the radius 
of the printing orifice), surface tension and viscosity, respectively. 
The numbers mentioned above have been used to predict the possibility of droplet 
formation. Fromm [57] reported that droplets can be obtained when Re/We > 2. Reis et 
al. [58] regarded 1 < Oh-1 < 10 to be the essential condition for a jettable ink. However, 
in Jang et al.’s study [59], the essential condition is demonstrated to be 4 < Oh-1 < 14. 
When Oh-1 < 4, long-lived filaments may occur; when Oh-1 > 14, satellite droplets are 
likely to be generated. It has also been shown that low viscosity can make droplet 
ejection more fluent, but high surface tension may cause significant satellite droplets. 
However, a contradictory conclusion has been made by Ozkol et al. [60] who 
considered high viscosity and high surface tension can help to eliminate satellites. Xu et 
al. [61] suggested that We must be higher than a certain value to ensure the success of 
ejection, since a high value of We helps the drop elongation and initiates the necking of 
the drop. When We > 9, satellite droplets can be completely eliminated. Feng et al. [62] 
suggested a Re < 5 can avoid satellite droplets. The size of the droplets is also affected 
by the ink properties. Low viscosity and high surface tension is likely to result in big 
droplets [60, 63]. 
The contradictory conclusions are caused by the use of different printing nozzles, as 
each type of nozzle is more suitable for inks with certain properties. The study of effect 
of ink properties on the formation of droplets is beneficial for the formulation of proper 
ink to achieve good droplet morphology in inkjet process. 
Chapter 2 Inkjet Technology 
- 15 - 
 
2.3	DOD	deposition	mechanism	
The jetting process for inkjet printing can be divided into three phases: ejection phase, 
droplet flight phase and impact phase. 
2.3.1	Ejection	phase	
The formation of droplets is critical in inkjet printing. Stable droplets with good 
morphology can ensure high quality output, while failures (i.e. deviation of the droplet 
trajectories from the nozzle direction and satellites) may significantly decrease the 
precision and resolution of printing. The ejection process can be described as follows 
[64]:  
When a pressure pulse is generated in the chamber, ink in the nozzle is accelerated and 
pushed out of the orifice. As a result, a liquid column with a hemi-spherical head is 
formed (1-4 in Figure  0.4). The liquid column is stretched due to the difference in axial 
velocity between the head of the column and the liquid at the exit of the nozzle. 
Affected by the negative pressure associated with the next pulse, a neck appears at the 
end of the liquid column during the stretching (6-9 in Figure  0.4). Finally, the liquid 
column breaks from the orifice, and a droplet with long tail is obtained (10 in 
Figure  0.4). As an identical velocity is not achieved for all parts of the droplet, the 
droplet may break into fragments, therefore satellite droplets can be formed (11-15 in 
Figure  0.4). Satellite droplets can either merge with the primary drop (16-17 in 
Figure  0.4) or become a permanent satellite droplet, which is determined by the relative 
velocities of the primary drop and satellite. 
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Figure  0.4 Sequence of series images taken during the DOD drop formation [64] 
2.3.2	Droplet	flight	phase	
In droplet flight, the droplet shape has been shown to be primarily determined by the 
competition between surface tension and inertia and its shape changes among a prolate 
spheroid, a sphere and an oblate spheroid if viscous effects within the liquid are not 
considered, as simulated in Figure  0.5 [65]. However, in a real situation, the viscous 
forces with the liquid can resist shearing flow within the liquid, which leads to the 
amplitude of oscillation diminishing and the shape of the droplet gradually become 
close to sphere, which can be clearly observed in Figure 2.4. 
 
Time (µs) 
Figure  0.5 Simulated liquid droplet during flight  [65] 
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2.3.3	Impact	phase	
The deposition mechanism during the impact phase can be divided into four stages. I) 
At the earliest stage of impact, the shape of the droplet resembles a truncated sphere. II) 
The interface between the droplet and substrate increases with increasing time, and a 
thin film bounded by a rim is formed. III) The drop begins to recede. And finally IV) 
the droplet spreads until it reaches equilibrium. 
The impact phase can be affected by a number of parameters including impact velocity, 
drop diameter, liquid viscosity and surface tension, surface wettability and roughness. 
The different influencing parameters change in their importance during the four stages. 
The impact velocity and drop diameter affects the spreading process in stage I and the 
expansion speed of the drop in stage II. The impact velocity also plays an important 
role in the receding of the drop (stage III). The surface tension and viscosity of the 
liquid affects the deformation of the drop in stage II, stage III and stage IV. The surface 
wettability and roughness of the substrate always influence the spreading of the contact 
line, which engages stage I, stage II and stage IV. [66] [67][68] 
2.4	Optimisation	of	feature	size	
The printing resolution is limited by the feature size (the size of a single dot), as 
patterns printed with inkjet technology are based on single dots. The feature size is 
determined by the drop diameter and the spreading process [43]. Correspondingly, the 
feature size can be reduced by diminishing the droplet diameter and suppressing the 
spreading of the droplets on the substrate. 
2.4.1	Reduction	of	droplet	size	
Commercially available print heads can eject 1 pL drops that yield approximately 20 
µm line widths on substrates pre-treated by surface treating the material to suppress the 
spreading of the drops on the substrate [69]. This is in many cases sufficient for IC 
contacts and printed circuit board (PCB) wiring purposes. Murata et al. [70] developed 
an inkjet system which allows arrangements of dots with a submicron minimum size. 
Using an ultra-fine silver paste with a particle size of around 5 nm, ultrafine traces of 
only a few micrometres in width could be achieved without any pre-patterning 
treatment of the substrate. Park et al. [71] employed electrohydrodynamic liquid 
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ejection in an inkjet process to achieve a sub-micrometre printing resolution, which has 
potential applications in high-resolution printed electronics. 
2.4.2	Control	of	spreading	
To control the droplet spreading, two main categories of techniques have been 
developed. One category is altering the surface condition of the substrates, which can 
consequently lead to a reduced feature size under steady state condition. InSon et al.’s 
study [72], SAMs (Self-Assembled Monolayers) have been adopted to treat the surface 
of the glass substrate to control the contact angle of ink droplet. Hutt et al. [73] have 
identified a method for depositing SAMs of octadecanethiol onto copper surfaces 
leading to freshly prepared materials with no detectable oxygen inclusion, which has 
also proved effective in altering the wettability of the copper surface by fluids. 
The other category is accelerating the drying or solidification speed of droplets to 
suppress the spreading process. Kang et al. [74] have varied the substrate temperature 
from room temperature to 75 °C and found that the printed line width tends to decrease 
as the substrate temperature increases due to the enhanced evaporation rate of the 
solvent. Inkjet technology has also been assisted with radiation curing to reduce the 
feature size. Radiation curing technology has been used in the graphics arts industry for 
more than 20 years. The most commonly used radiation sources include ultraviolet 
(UV), laser and electron beams (EB)  [53, 75, 76].  
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Chapter 3 Experimental Methods 
 
The aim of this chapter is to provide a detailed description of the equipment and 
materials utilized in this study, as well as the procedures of sample preparation and 
characterisation methods. 
3.1	Inkjet	printers	
Three representative DOD inkjet printers were employed in this study. The Microfab 
Jetlab®4 inkjet printer is a standard printer for experimental use. The requirement of 
this printer on the properties of inks is not as strict as commercial inkjet printers, and 
the single nozzle makes it more convenient to control and observe the printing process. 
Therefore it can be used in the investigation of printing basic patterns. Different from 
the Microfab Jetlab®4 inkjet printer, the IIA-1501 inkjet printer uses multi-nozzle 
printheads which are widely used in commercial inkjet printers. Hence it has 
advantages in investigating the formulation of inkjet inks which can be commercially 
applied. The laser assisted inkjet (LIJ) printer is a special printer in which a laser 
emitting device is incorporated. This LIJ printer can be employed to study the effect of 
laser radiation on the printing of patterns, aiming to achieve narrow tracks with high 
aspect ratios. 
3.1.1	Principle	of	inkjet	printer	
Although the three printers were supplied by different manufacturers, they are based on 
the same working principle and consist of three sub-systems: dispensing system, 
computer control system and mechanical motion system. A schematic diagram of these 
inkjet printers is given in Figure  0.1.  
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Figure  0.1 Schematic diagram of principle of DOD inkjet printer 
The droplets are formed by the pressure pulse resulting from the motion of the 
piezoelectric crystal in the printhead. The piezoelectric motion is controlled by a signal 
output from the computer control system. During the ink jetting process, substrates on 
which the inks will be deposited are placed on a stage which is usually driven by 
electrical motors and able to move in a plane (the X-Y plane) orthogonal to the jetting 
direction. The light-emitting diode (LED) is used to illuminate the droplets and is 
strobed in synchronisation with the signals sent to the piezoelectric crystal, as such 
images of the droplets generated from the nozzle can be captured by the charge-coupled 
device (CCD) camera and then further analysed using the supporting software. 
3.1.2	Jetlab®4	inkjet	printer	
Microfab Jetlab®4 inkjet printer (Figure  0.2) was employed in the printing of silver 
nanoparticle inks and PEDOT:PSS inks (Chapter 4 and Chapter 5).  
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Figure  0.2 Microfab Jetlab® 4 inkjet printer 
3.1.2.1	Dispensing	system	
Figure  0.3 shows a schematic illustration of the dispensing printhead of the Jetlab® 4 
inkjet printer. The whole printhead assembly is comprised of a reservoir mount, a fluid 
reservoir and a micro dispensing device. The reservoir mount provides mechanical 
support to the dispensing device while the latter is in charge of jetting droplets.  
Dispensing devices with orifice diameters of 20 µm, 40 µm or 60 µm are available. A 
60 µm orifice dispensing device was utilised in this study, as inks containing particles 
were involved and blockages occur less easily for larger orifices. 
Print head  
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Figure  0.3 Schematic illustration of dispensing printhead of jetlab® 4 printer [77] 
3.1.2.2	Computer	control	system	
The Jetlab® 4 printer waveform is determined by parameters including rise time, dwell 
time, fall time, echo time, final rise time and voltage, as shown in Figure  0.4. These 
parameters need to be optimised for each specific ink to achieve droplets with the best 
morphology. The value of these parameters can be set on the relevant window of the 
supporting software. In this study, both rise time and fall time were fixed at 3 µs. The 
major adjustments for optimisation of parameters were primarily related to the voltage 
and dwell time. Normally, the recommended dwell time should be larger than 15 µs, 
otherwise the droplets can easily become unstable. A back pressure is provided at the 
top of the fluid reservoir to prevent the ink from dripping out of the nozzle 
spontaneously. The value of the back pressure is typically set between -2.0 and -0.6 Pa. 
 
Figure  0.4 Waveform of jetlab® 4 printer 
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3.1.2.3	Mechanical	motion	system	
The printing area of the Jetlab® 4 inkjet printer used is 160×120 mm2. The stage can be 
moved in the X-Y plane controlled by a pre-designed programme and can be heated up 
to 100	 °C. The distance between the nozzle of the printhead and the stage can be 
adjusted by shifting the position of the printhead in the Z axis to suit substrates with 
different thicknesses [78] .  
3.1.3	Fanjet	IIA‐1501	inkjet	printer	
A IIA-1501 inkjet printer from Fanjet Co., Ltd. (Figure  0.5) was employed in the 
printing trials for inks containing silver nanoparticle doped with PEDOT:PSS (Chapter 
5) and for semi-transparent silver thin films (Chapter 7). 
 
Figure  0.5 Fanjet IIA-1501 inkjet system (a) and partial enlarged detail (b) 
3.1.3.1	Fanjet	Dispensing	system	
A Nova-Q JA128/80 AQ printhead from Spectra Co. Ltd. is integrated within the IIA-
1501 inkjet printer. An exploded view of the printhead is shown in Figure  0.6. The 
printhead provides 128 inline, individually addressable nozzles generating a typical 
droplet size of 80 pL under optimal conditions. This printhead is suitable for jetting 
inks with a surface tension of 20~40 dynes/cm and a viscosity of 5~35 mPas [79]. 
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Figure  0.6 Exploded view of Nova-Q JA128/80 AQ [80] 
3.1.3.2	Computer	control	system	
The waveform and printing frequency can be controlled through the computer control 
software. The waveform of IIA-1501 inkjet printer is similar to the Jetlab® 4 printer. 
The frequency range is from 100 Hz to 45 KHz. The software contains a real time 
observation function which can help to analyse the velocity and volume of the droplets 
with a measuring accuracy of 2%~5%. The format of images that can be recognized by 
the software and further implemented in printing includes BMP, JPG, GERBER, and 
AUTOCAD. A FB-36/7 oil-free air compressor is incorporated in the printer to provide 
back pressure. 
3.1.3.3	Mechanical	motion	system	
The printing area of the IIA-1501 inkjet printer is 100 × 100 mm2. The printing 
resolution can be altered from 150 ×150 dpi (dots per inch) to 1200 ×1200 dpi 
(equivalent to≈ 35 to 2232 dots/mm2). The stage can be heated up to 100 °C. 
3.1.4	Laser	assisted	inkjet	(LIJ)	printer	
A laser assisted inkjet (LIJ) printer (Figure  0.7) at the National Institute of Advanced 
Industrial Science and Technology (AIST) in Japan was employed in the printing of 
metal organic decomposition (MOD) ITO inks and ITO nanoparticle inks (Chapter 6). 
This system was built by the Manufacturing Machinery Division of the Manufacturing 
Systems Department at AIST. Beside the three main systems introduced in Section 
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3.1.1, a laser emitting system is incorporated to enable an in-situ preheating on the 
substrate. 
 
Figure  0.7 Laser assisted inkjet printer at AIST, Japan 
3.1.4.1	Dispensing	system	
A Microjet IJHB printhead with an orifice diameter of 90 μm is utilized as the 
dispensing printhead. This printhead is designed for inks with high surface tension, i.e. 
up to 73 dynes/cm. Inks that the machine works with can range in viscosity from 0.5 to 
10 mPas.  
3.1.4.2	Computer	control	system	
In the LIJ control system, only the printing frequency, voltage and dwell time can be 
manually adjusted through the supporting software. The ink bottle is connected to the 
atmosphere therefore no back pressure is induced. 
3.1.4.3	Laser	emitting	system	
The laser emitting system is integrated by Kantum Electronics Co., Ltd. including a 
CO2 power supply from Synrad, Inc., a power controller, and the optical set. The 
maximum power the laser can supply is 10 W. The wavelength of the laser is 10.6 ± 
0.03 µm. The laser energy distribution is approximately a Gaussian profile [81]. The 
diameter of the laser spot is 1mm. 
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3.2	Materials	
3.2.1	Inks	&	precursors	
3.2.1.1	PEDOT:PSS	
The PEDOT:PSS solution utilized in this study was purchased from Sigma-Aldrich co. 
Ltd. The composition and concentration of the solution and the band gap and 
conductivity of the resulting PEDOT:PSS layer are given in Table 3.1. 
Table  0.1 Properties of PEDOT:PSS solution from sigma-aldrich [40] 
Composition PEDOT, 0.5 wt. % 
 PSS, 0.8 wt. % 
Concentration 1.3 wt. % dispersion in H2O 
Band gap 1.6 eV 
Conductivity 1 S/cm 
 
3.2.1.2	Silver	nanoparticles	ink	
The silver nanoparticle ink utilised in this study was SunTronic U5603, purchased from 
SunJet. This silver suspension ink is based on organic solvents, i.e. ethanediol and 
ethanol. The properties of the ink are given in Table 3.2. 
Table  0.2 Properties of SunTronic U5603 silver ink from Sunjet 
Appearance Liquid 
Odour Odour of alcohol 
Volatility description Highly volatile 
Boiling point 60~90 °C @ 760 mm Hg 
Relative density 0.80 @ 25 °C 
Viscosity 7~14 cps @ 25 °C 
Solubility value 80 g/100g H2O @ 20 °C 
 
3.2.1.3	Metal	Organic	Decomposition	(MOD)	ITO	ink	
The metal organic decomposition (MOD) ITO ink is from Kojyundo Chemical 
Laboratory Co., Ltd. The components of the ink are given in Table 3.3. 
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Table  0.3 Components and their concentration of MOD ITO ink 
Component Concentration (wt. %) 
In2O3 4~6 
SnO2 0.2~0.4 
Ethylhexoic acid (C4H9CH(C2H5)COOH) 16~21 
Organic additive 4~6 
Butyle Acetate (CH3COOC4H9) 69~74 
 
In the MOD ITO ink, the indium oxide and tin oxide are combined with the 2-
Ethylhexoic acid, forming a structure of M(COOR)n which can be dissolved in the 
organic solvent (butyle acetate). After deposition, the patterns printed with MOD ITO 
ink need to be baked first in air at 550 °C for 30 min and then in vacuum at 550 °C for 
30 min to enable the decomposition of the metal organic material: 
ܯሺܥܱܱܴሻ݊ → ܯݔܱݕ ൅ ܪଶܱ ൅ ܥܱଶ                                      (3.1) 
3.2.1.4	ITO	nanoparticle	ink	
The ITO nanoparticle ink was sourced from ULVAC, Inc. Some properties are given in 
Table 3.4. 
Table  0.4 Properties of ITO nanoparticle ink 
Concentration  20 wt.% 
Average particle size  4 nm 
Solvent Cyclododecene 
Viscosity  5~10 mPas 
 
After deposition, the patterns printed with this ITO nanoparticle ink had to be baked 
first in vacuum at 230 °C for 60 min and then in air at 230 °C for 60 min. 
3.2.2	Additives	
In this study, various additives were necessary to functionalise the inks so that they are 
more inkjettable. These additives utilized in the formulation of inks and their suppliers 
are given in Table 3.5. 
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Table  0.5 Chemicals utilized in ink formulation and the sources 
 Chapter 4 Chapter 5 Chapter 6 Chapter 7 
Glycerol 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
Sigma-Aldrich 
Co. LLC. (5.2) 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. (5.3) 
- 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
Sodium Dodecyl 
Benzene Sulfonate 
(SDBS) 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
- - 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
Poly(vinylpyrrolidone) 
PVP 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
- - - 
JC-601 
(a commercial 
surfactant) 
Guangdong 
Cosmic Digital 
Technology Co., 
Ltd. 
Guangdong 
Cosmic Digital 
Technology Co., 
Ltd. 
- 
Guangdong 
Cosmic Digital 
Technology Co., 
Ltd. 
Ethanol 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
- 
Sinopharm 
Chemical 
Reagent Co., 
Ltd. 
     
Tetradecane - - 
Kojyundo 
Chemical 
Laboratory Co., 
Ltd. 
- 
Toluene - - 
Kojyundo 
Chemical 
Laboratory Co., 
Ltd. 
- 
 
3.2.3	Substrates	
The inkjet printing trials have been implemented on various potential substrates that 
can be associated with different applications. The substrates utilized in this study and 
the sources are provided in Table 3.6.  
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Table  0.6 Substrates utilized in the printing and the sources 
 Chapter 4 Chapter 5 Chapter 6 Chapter 7 
Microscope 
slides 
Fisher Scientific 
UK Ltd. 
Fisher Scientific UK 
Ltd. (5.2) 
Mingquan instrument 
Co., Ltd. (5.3) 
Muto Pure 
Chemicals Co., 
Ltd. 
Mingquan 
instrument Co., 
Ltd. 
HN Polyimide 
film DuPont UK Ltd. - - - 
Hydrophobic 
paper Reynolds® - - - 
FR-4 epoxy 
laminate sheet P. W. Circuits Ltd. - - - 
 
Before printing, the substrates were normally cleansed by immersing in an ethanol 
filled ultrasonic bath for 5 min and then dried with an air blower. 
3.3	Characterization	and	analysis	
3.3.1	Measurement	of	conductivity	
3.3.1.1	Conductivity	of	tracks	
Microscope slides with a conductive pattern were prepared for the conductivity 
measurement of the printed tracks in this study, as shown in Figure  0.8. The patterns, 
which are composed of a 20 nm thick titanium layer covered by a 100 nm thick gold 
layer, were prepared through photo lithography and vapour deposition.  
 
Figure  0.8 Patterns for conductivity measurement of tracks 
In the printing of tracks, the deposition was started from one triangle pad and 
terminated at the other triangle pad, intersecting the lines connecting the square pads. 
The resistances, R, of the tracks were measured using either a multi-meter through two 
of the square pads or a four-point probing through the four square pads. Then the 
resistivity ρ is calculated using the following formula: 
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ߩ ൌ ோ஺௟                                                               (3.2) 
Where A is the cross sectional area of the track (usually obtained from a measured cross 
sectional profile) and l is the length of the track which was fixed at 10 mm in this work. 
The conductivity C is the reciprocal of resistivity: 
ܥ ൌ ଵఘ                                                                (3.3) 
3.3.1.2	Conductivity	of	thin	films	
A Keighley Model 580 Micro-ohmmeter using four-point probing was employed to 
measure the sheet resistance of thin films deposited in this study. A schematic of a four-
point probe arrangement is given in Figure  0.9. When a current is input through the two 
outer probes, the sheet resistance of the thin film can be calculated by measuring the 
voltage difference V between the inner probes. The distances between the probes S1 = 
S2 = S3 = 1 mm. Assuming the film area is large enough to be treated as infinite, E is 
the electric field and j is the current density, the following equations can be deduced 
[82]:  
E(x)= j(x)Rs                                                       (3.4) 
V ൌ ׬ 2ܧሺݔሻ݀ݔௌଵାௌଶௌଵ                                                  (3.5) 
݆ሺݔሻ ൌ ூଶగ௫                                                         (3.6) 
V ൌ ோೞூగ ׬
ௗ௫
௫
ௌଵାௌଶ
ௌଵ                                                     (3.7) 
V ൌ ோೞூగ ln ௌଵାௌଶௌଵ ൌ ܴ௦ܫ
୪୬ଶ
గ                                            (3.8) 
ܴ௦ ൌ గ୪୬ଶ
௏
ூ ൎ 4.53
௏
ூ                                                (3.9) 
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Figure  0.9 Schematic structure of four-point probe measurement of sheet resistance 
In the measurements for this study, the input current was fixed at I = 4.5320 µA. This 
fixed value can simplify the calculation as the value of the sheet resistance (kΩ/sq) will 
be numerically the same as the voltage difference V (mV). Five measurements were 
taken on each sample at different locations and then a mean value obtained. To 
calculate the conductivity C (S/cm), the following formula can be used: 
ܥ ൌ ଵఘ ൌ
ଵ
ோೞ௛                                                    (3.10) 
Where h is the thickness of the thin film.  
3.3.2	Transparency	
A Cary 50 spectrophotometer was employed to measure the transparency of the 
PEDOT:PSS thin films (section 5.3 in chapter 5). A Cary 5000 spectrophotometer was 
employed to measure the transparency of silver nanoparticle doped PEDOT:PSS thin 
film (section 5.2 in chapter 5) and silver thin films (chapter 7). A Model 1240 UV 
spectrophotometer from Shimadzu co. Ltd. was employed to measure the transparency 
of ITO thin films in chapter 6. All the measurements were carried out on the patterns 
together with the substrates. The transmittance of the substrates was also given in the 
testing results as a reference. 
3.3.3	Surface	profile	
Ambios XP-2 and Zygo NewView 5000 surface profile meters were employed in the 
characterization of patterns printed with the Jetlab® 4 inkjet printer (Chapter 5), while 
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an ET 4000A Surfcoder was employed in the characterization of patterns printed with 
the LIJ system (Chapter 6). The measurement principles of these three profile meters 
are different. The Zygo NewView 5000 is based on the interference of light, while the 
other two equipments measure by contacting the object with a probe. The Zygo 
NewView 5000 is therefore more precise and with no damage to the samples. However 
the measurements carried out by the Ambios XP-2 and ET 4000A require less time and 
the operation is also more convenient. Considering these advantages and disadvantages, 
the Zygo Newview 5000 was mainly used to observe the surface profiles of the inkjet 
printed patterns, whereas the Ambios XP-2 and ET 4000A were used to measure the 
cross sectional profile of tracks and the thickness of thin films. The measuring 
resolution of the profile meters is nano meter scale. 
3.3.4	AFM	
A Dimension 3100 atomic force microscope (AFM) with sub-nm height-measurement 
capability was employed to analyse the microstructure of PEDOT:PSS (Chapter 5) and 
ITO (chapter 6). The AFM was switched to tapping mode in this study to achieve high 
resolution, with a scan rate fixed at 0.5 Hz. Both height imaging and phase imaging 
were utilised during the analysis. For the height imaging maps the dark and bright 
regions correspond to the valleys and hills of the surface respectively. The phase 
imaging maps can reveal different components within composite materials through 
monitoring the variations in surface properties such as elasticity, adhesion and friction. 
3.3.5	SEM	
Three scanning electron microscopes (SEM) were employed. The models and 
corresponding applications in this study are listed in Table 3.7. 
Table  0.7 Model and corresponding application of SEM employed in this study 
Model Application 
Carl Zeiss (Leo) 1530 VP Observation of PEDOT:PSS thin films (Chapter 5) 
JEOL JSM-6060A Observation of ITO patterns printed with LIJ system (Chapter 6) 
Quanta 200 (FEI) Observation of in situ synthesised silver grids (Chapter 7) 
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3.3.6	TEM	
A Tecnai G2 20 transmission electron microscope (TEM) from FEI was employed in 
the observation of silver nanoparticles (Chapter 5). To prepare the samples, the 
composites containing silver nanoparticles were dispersed into ethanol using an 
ultrasonicator, and a drop of each suspension was placed over a carbon coated 
microscopic copper grid. After testing, the obtained TEM images were analysed using 
Nano Measurer 1.2 software to investigate the size distribution of the nanoparticles. 
Nano Measurer 1.2 is able to generate statistical curves based on manually measured 
data. 
3.3.7	XRD	
X’ Pert PRO X-ray diffraction (XRD) from PANalytical B. V. was employed to 
characterise the composition and morphology of the silver nanoparticles (Chapter 5). 
The Scherrer Equation [83] was used to calculate the theoretical diameter of the 
nanoparticles based on the obtained XRD patterns through diffraction line broadening 
analysis: 
ܤሺ2ߠሻ ൌ ௄ఒ௅ ୡ୭ୱఏ                                                        (3.11) 
Where B is the mean size of the nanoparticles, K is the shape factor, λ is the X-ray 
wavelength, L is the line broadening at half of the maximum intensity in radians, and θ 
is the Bragg angle. 
3.3.8	Viscosity	
Viscosity is a measure of a fluid’s resistance to flow. A Brookfield RVDV-II +Pro 
viscometer was employed to measure the fluid viscosity at the required shear rates. The 
principal of operation of the DV-II +Pro is to drive a spindle through a calibrated spring. 
The viscous drag of the fluid against the rotating spindle is measured by the spring 
deflection. Spring deflection is measured with a rotary transducer. The measurement 
range of a DV-II +Pro is determined by the rotational speed of the spindle, the size and 
shape of the spindle, the container the spindle is rotating in, and the full scale torque of 
the calibrated spring. As the viscosity of the liquids in this study is normally smaller 
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than 100 cps, spindle 1 was adopted in the measurements. The rotating speed of the 
spindle was set to 60 rpm. 
3.3.9	Surface	tension
3.3.9.1	Surface	free	energy	of	substrates	
The surface free energy of the substrates was measured using a Dataphysics OCA 20 by 
measuring the contact angles of water and diiodomethane on the surface of the substrate. 
The surface free energy of the substrate was then calculated based on the obtained 
contact angle values. 
3.3.9.2	Surface	tension	of	liquids	
A Phoenix Alpha surface tension meter was employed to measure the surface tensions 
of the liquids used in the jetting experiments. During the measurement, 1 mL liquid was 
injected to a syringe and a pressure was then applied on the plunger to form droplets at 
the end of the stainless steel needle. The surface tension of the liquid can be calculated 
through measuring the diameter of the droplets.  
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Chapter 4 Ink Formulation and Pattern Printing 
 
This chapter focuses on the preparation of the inks for the next stage of the research. 
The study starts with ink formulation, so that the content of the inks can be freely 
modified in the future work. On the other hand, the functional inks developed in this 
work can also be adapted for use in different printers by changing the properties 
according to the formulating methods.  
The formation of droplets from a commercial printer has been simulated with FLUENT 
to provide theoretical guidance for the ink formulation. The simulation was firstly 
calibrated referring to the experimental results and then used to predict the printing 
behaviour of inks with various properties after a good agreement had been obtained. 
The effects of surface tension and viscosity on the formation of droplets have been 
studied with the assistance of simulation. 
After the ink formulation, printing of patterns (i.e. dots, tracks and films) is investigated. 
The four types of commonly used substrates listed in T3.6 were utilized to investigate 
the effect of preheating on dot printing. Optimal preheat temperature was researched for 
each substrate to minimize the feature size. A mathematical model has been established 
to analyse the most critical factors in this process. During the track printing stage, the 
degree of overlap between successive dots and multi-layer printing were studied to 
ascertain their benefits in achieving continuous and homogenous tracks. Two methods 
for the control of film thickness are discussed in the printing of films. 
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4.1	Ink	formulation	
4.1.1	Introduction	
The major components of the inks developed in this work as well as their effect on the 
main properties of the inks are shown in Figure  0.1. Deionized water was adopted as 
the solvent to carry soluble functional materials, metal nanoparticles or the mixture 
thereof. Surfactant was added to reduce the surface tension of the ink, while glycerol 
was used to adjust the viscosity. Ethanol served as a co-solvent which can further 
reduce the surface tension of the ink and, at the same time, facilitates the evaporation of 
solvent. Dispersants can play a role in stabilising the inks that contain nanoparticles. 
However, they were not included in this work as the inks prepared are relatively stable. 
 
Figure  0.1 Components of self-developed water based inkjet ink and their properties that can affect 
characteristics of inks 
4.1.2	Properties	optimisation	
4.1.2.1	Viscosity	
The viscosity of a liquid mixture can be predicted using a three-step procedure [84]. 
The first step is to calculate the Viscosity Blending Index (VBI) of each component 
using the Refutas equation: 
ܸܤܫ ൌ 14.534 ൈ lnሾlnሺݒ ൅ 0.8ሻሿ ൅ 10.975                                    (4.1) 
Where v is the viscosity in centipoise (cps). Then the VBI of the blend is calculated 
using the blending equation: 
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ܸܤܫ	ሺܾ݈݁݊݀ሻ ൌ ሾݓܣ ൈ ܸܤܫܣሿ ൅ ሾݓܤ ൈ ܸܤܫܤሿ ൅ ⋯൅ ሾݓܺ ൈ ܸܤܫܺሿ               (4.2) 
Where w is the weight fraction. It is necessary that all the viscosities are determined at 
the same temperature when using the above blending equation. Finally, the viscosity of 
the blend can be obtained using the following invert of equation (4.1): 
ݒ ൌ ቀ݁௘ሺೇಳ಺షభబ.వళఱሻ ൊ 14.534ቁ െ 0.8                                        (4.3) 
The viscosity of water and glycerol at 20 °C are 1 cps and 1412 cps respectively, 
according to [85] and [86]. As water and glycerol are both Newtonian [87], the 
theoretical viscosity of the mixture of water and glycerol was calculated based on the 
above formulas and given in Figure 4.2. To verify the applicability of the formulas for 
this study, mixtures containing water and glycerol (weight percentage various from 0%-
70% with a gap of 10%) were formulated and the viscosity of which was measured at 
20 °C (given as asterisk in Figure 4.2). The theoretical viscosity curve matches well 
with the measuring results, which verifies the applicability of the formulas in the ink 
formulation. 
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Figure  0.2 Theoretical prediction of the viscosities of water mixed with glycerol compared with experimental 
data obtained at 20 °C 
However, the viscosity of the inks can be significantly affected by temperature. Five 
mixtures of water and glycerol, of which the viscosities are measured as 5.3, 10.6, 14.9, 
20.1 and 25.7 cps at 20 °C, respectively, were compared with the results obtained under 
temperatures varying from 10 °C to 35 °C with an interval of 5 °C in Figure  0.3. 
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Accordingly, the viscosity of the inks can be adjusted by simply immersing the ink 
cartridge into a water bath, instead of altering the ink composition from time to time if 
needed in the applications. 
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Figure  0.3 Viscosities of five mixtures of water and glycerol at temperatures from 10 °C to 35 °C 
4.1.2.2	Surface	tension	
Surface tensions of the inks can be primarily adjusted by adding surfactants. Sodium 
dodecyl benzene sulfonate (SDBS), poly(vinylpyrrolidone) (PVP) and JC-601 were 
applied and tested and the results are given in Figure  0.4. From this result, one can see 
both SDBS and JC-601 can efficiently reduce the surface tension of water from ~70 
dynes/cm to ~30 dynes/cm, while the addition of PVP has no obvious effect. 
Interestingly, the ability of the surfactants to change surface tension does not 
necessarily depend on their concentration, as the surface tension of water doped with 
SDBS was the same when the weight percentage of SDBS varied from 0.05% to 1%. 
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Figure  0.4 Surface tension of water and water mixed with different surfactants 
The addition of ethanol and glycerol can also affect the surface tension. The efficiency 
of ethanol in reducing the surface tension of water is not as high as surfactants. A 
surface tension of 36 dynes/cm can be achieved with the addition of 17 wt.% ethanol, 
meanwhile further addition of ethanol has no more obvious effect (Figure  0.5). The 
addition of ethanol can facilitate the evaporation of the solvent in the droplets as the 
boiling point of ethanol is lower than water, which may consequently reduce the time of 
the solidification and thereby suppress the spreading of the droplets after landing on the 
substrate. 
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Figure  0.5 Surface tension of water mixed with ethanol 
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Although glycerol can increase the viscosity of the inks, it has a side-effect of also 
altering the surface tension. According to the results presented in Figure  0.6, an 
addition of 50 wt.% glycerol has increased the ink surface tension by around 10 
dynes/cm. Therefore, the effects of glycerol on viscosity and surface tension must be 
considered during the ink formulation to obtain a compromise if necessary. 
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Figure  0.6 Surface tension of 85 wt.% water + 15 wt.% ethanol mixed with glycerol obtained at 20 °C 
4.1.3	Prevention	of	nozzle	blocking	
Blocking of the nozzles in the printhead can happen during the inkjet printing process, 
which can be categorized as hard blocking and soft blocking. Hard blocking is normally 
caused by large particles or aggregation of material in the ink. To avoid this type of 
blocking, a filtering process after the ink formulation is essential.  
Soft blocking is also a very common type of blocking caused by micro bubbles in the 
inks. The micro bubbles can be easily generated during the ink formulation which 
accompanies dissolution and dispersion. Therefore, ultrasonic processing has been 
employed in this study to eliminate the micro bubbles. 
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4.2	Simulation	of	droplet	formation	
4.2.1	Simulation	procedures	
A simulation of droplet formation in inkjet printing using the SE-128 printhead has 
been implemented. The flow chart of the simulation procedures is shown in Figure  0.7. 
A geometric model was firstly established and meshed into grids using GAMBIT (a 
program used to generate the grid or mesh for computational fluid dynamics solvers). 
The model was then imported into FLUENT (a computational fluid dynamics solver). 
After setting up the physical model, boundary conditions and material properties, the 
calculations were conducted, which was followed by a post processing. Finally, the 
simulation results were compared with experimental data to verify their validity. 
 
Figure  0.7 Flow chart of the simulation procedure for droplet formation in inkjet printing 
4.2.1.1	Establishment	of	a	geometrical	model	
The geometrical model was established based on the actual size of the nozzle. The flow 
behaviour of the inks in the chamber was not considered in this simulation. The model 
contained the orifice and flight area of the droplets under the orifice, as shown in 
Figure  0.8. A planar two-dimensional model was adopted to reduce the time required 
for the calculations Compared with a three dimensional model. 
GAMBIT Establish model 
Meshing 
Import meshing 
Set up 
Calculation 
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Boundary 
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Figure  0.8 Geometrical model established by GAMBIT 
4.2.1.2	Meshing	
Quadrilateral meshes were generated using a division mode within GAMBIT referred 
to as ‘Submap’, which can divide an irregular region into numerous regular regions. 
After meshing, the model contained 34740 quadrilateral cells (control volumes into 
which domain is broken up), 68958 faces (cell boundaries) and 35263 nodes (grid 
points at cell vertices) (Figure  0.9).  
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Figure  0.9 Meshed model and partial enlarged detail of the orifice 
4.2.1.3	Setting	up	of	the	boundary	conditions	
After meshing, the boundary conditions were defined in GAMBIT. The entrance of the 
nozzle was defined as the pressure-inlet, with the three boundaries in the air area as the 
pressure-outlet. Considering the inner wall of the nozzle contacts with the ink, it was 
named as wall-wet. The outer wall of the nozzle was named as wall-no-wet, since it 
does not contact with the ink. 
Ink jetting is a two phase process where a liquid moves through air. This can be 
described in FLUENT using a Volume of Fluid (VOF) model, a numerical technique 
for tracking and locating the free interface between the two phases. Therefore, a VOF 
model was chosen as the physical model, assuming the inks were an incompressible 
Newtonian fluid. In the VOF model, all the phases are mutually insoluble. A variable C 
is introduced for each cell after the addition of a new phase into the model. C is defined 
as the volume ratio of the fluid within the cell. The cell is empty when C = 0, and full 
of fluid when C = 1. Hence the movement of the fluid can be simulated by calculating 
the value of C for every cell. Then the geometry of the liquid surface can be estimated 
with high resolution by post processing algorithms which calculate the boundaries of 
the liquid [88]. 
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It is reasonable to assume that the distribution of the pressure in the orifice can be 
regarded as homogeneous as the diameter of the orifice (52 µm) is far less than the 
diameter of the chamber (356 µm). According to Wu et al. [65], the pressure in a piezo-
electric chamber approximates to a sinusoidal wave, as shown in Figure  0.10. The 
shape of the pressure wave is different from the waveform of the electrical signal due to 
the buffering effect of the fluids inside the chamber. 
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Figure  0.10 Typical variation predicted for the pressure in the orifice of the nozzle 
As a controlling variable, the temporal variation of pressure cannot be directly set up in 
FLUENT. However, FLUENT has a UDF (User-Defined Function) facility which can 
be used to define the pressure using a library function written either in the language C 
or using the predefined macro language embedded in FLUENT. In this work, the 
condition of pressure varying with time in the pressure-inlet area was defined by a 
macro named DEFING-PROFILE. The source code for this program is attached in 
Appendix 1 and followed the time/pressure profile of Figure 4.10 
4.2.2	Simulation	and	verification	
The model and conditions must be set up before simulating the droplet formation in the 
inkjet printing. The effect of gravity was not considered in this simulation due to the 
low weight of droplet (~ 6 × 10-11 kg). Droplets with such small weights are observed to 
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have Brownian motion instead of freely falling body motion in the air because of the air 
resistance [89]. Throughout all of the simulations, the density of the fluid was set as 1 
g/cm3. 
An initial simulation of droplet formation using the ink with defined properties was 
conducted. These properties include the viscosity, surface tension, and wetting angle of 
the inner wall which were set to be 1 cps (1 cps = 1 mPas), 40 dynes/cm and 30° 
respectively. The simulation was initiated from the commencement of the pressure 
pulse and completed after 130 µs with a fixed time step of 1 × 10-8 s. The obtained 
results are presented as images in Figure  0.11, where the red parts represent the liquid, 
and the blue strip represent the surrounding ambient condition (air). The times are 
chosen to show the representative morphology of the droplets during the whole jetting 
process. 
 
Figure  0.11 Simulation results of droplet formation from 8.0 µs to 132.4 µs from start of pressure pulse 
The modelling results predict that, near the beginning of the jetting process (8.0 – 11.6 
µs), a liquid meniscus of ink is induced by the combined action of negative pressure 
and wall adhesion. From 15.2 µs to 33.0 µs, the meniscus disappeared under the 
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positive pressure, instead, forming a liquid column with a prolonged spherical head 
from the orifice. As the length of the liquid column further increased, necking began to 
occur (47.2 µs) owing primarily to the delayed negative pressure reaching this position. 
After this, the column was broken from the orifice at 52.6 µs. Following this, the tail of 
the liquid column started to separate into several satellite droplets driven by Plateau-
Rayleigh instability [90] (65.2 µs – 84.4 µs). However, these satellites may fly at 
different speeds following the breaking process, therefore it can be foreseen that the 
satellites with a relative higher speed can move faster merging those satellites moving 
at a lower speed, this leads to the formation of bigger satellites (90.6 µs – 110.2 µs). At 
the end, a main droplet accompanying two satellites was generated according to the 
simulation. The calculated velocity cloud picture (Figure  0.12) indicates that the main 
droplet, first satellite and second satellite have reached the velocities of 5.67 m/s, 5.38 
m/s and 3.70 m/s, respectively, which meant no further merging could occur. The shape 
of the droplet was governed by a combined action of surface tension and inertia. The 
surface tension determined the formation of sphere which had the smallest surface area, 
while the inertia led to different speeds in different parts of the droplet. Under the 
combined effect of the two factors, the droplet shape changes between a longitudinal 
ellipse, a circle and a lateral ellipse repeatedly [65].  
 
Figure  0.12 Velocity cloud picture of the droplets obtained at 136 µs 
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To verify the validity of the simulation, a water-based ink with a surface tension of 30 
dynes/cm and a viscosity of 5 cps was developed and applied using the spectra SE-128 
printhead. The values of these ink properties are different from those used in the 
simulation. This is because there are more factors influencing the formation of droplets 
in real situation which are hard to be considered in the simulation. The parameters had 
to be adjusted so that the simulation results can match the real situation. Therefore the 
analysis of simulation can only be qualitative but not quantitative. The jetting process 
captured by a CCD camera is shown in  
Figure  0.13(a). Comparing the experimental data with the simulation results ( 
Figure  0.13(b)), the following conclusions can be drawn: 
(1) The liquid column was generated due to the positive pressure which has been 
reflected in both experiment and simulation results. However, the head profiles of the 
liquid column were taking a slightly different shape or curvature. The simulated head 
was more spherical immediately after being jetted from the orifice, while the 
experiment showed a relative sharper tip formed at the start, which turned into a 
spherical profile eventually.  
(2) The necking was clearly observed in both experiment and simulation study, with the 
similar main liquid body of droplets accompanying the satellite droplets induced at the 
end of the column. A drop with extremely small size can be observed between the 
liquid column and the orifice after the breaking of the neck. However, this satellite 
retracted back to the orifice in the experiment but fell off the orifice in the simulation. 
(3) At the end of droplet formation, both experimental and modelling results showed a 
main droplet accompanied by two satellites. The main droplet has taken the substantial 
volume ratio of ink from the initial liquid column in comparison with the two satellites.  
Overall, the simulation results have demonstrated its usefulness and ability to predict 
the droplet formation behaviour, providing a powerful tool to enable optimum design of 
the ink formulation which may lead to the high quality images to be printed. The 
simulation has been validated through the experimental work, in particular, the 
prediction of the final morphology of the droplets which has agreed very well with the 
simulation results. 
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Figure  0.13 Experimental (ink properties: 5 cps, 30 dynes/cm) (a) and simulation (ink properties: 1 cps, 40 
ynes/cm) (b) results of formation of droplets in the inkjet process  
Surface tension and viscosity are important parameters among the ink properties for 
inkjet printing, which can significantly affect the formation of droplets as has been 
investigated by simulation. In this study, seven types of fluids with different properties 
were defined for use in the simulations, as given in Table 4.1. These properties cover 
the range of those required to suit the specifications of most commercial inkjet 
printhead. Fluids A, B, C and D had the same viscosity of 1 cps but different surface 
tensions varying from 20 dynes/cm to 50 dynes/cm. Fluids C, E, F and G had the same 
surface tension of 40 dynes/cm but with their viscosities varying from 1 cps to 10 cps. 
 
 
 
(a) 
(b) 
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Table  0.1 Ink properties used in the simulation 
Liquid Surface tension (dynes/cm) Viscosity (cps) 
A 20 1 
B 30 1 
C 40 1 
D 50 1 
E 40 2 
F 40 5 
G 40 10 
 
The simulation results obtained for fluids A, B, C and D after the liquid was ejected 
from the nozzle for 33.0, 52.6, 90.6 and 118.4 µs are given in Figure  0.14. From 
Figure  0.14 (a) for 33 µs, the liquid columns formed at this stage are similar, as one can 
predict that the liquid of higher surface tension may result in a slightly shorter and 
thicker liquid column than the one of lower surface tension. The small difference can be 
caused by the higher attraction between the molecules of the liquid induced from 
surface tension. The attraction usually hinders the separation of the liquid from the 
orifice, leading to a lower growth speed of the liquid column. This elastic tendency can 
also prevent the liquid column from breaking into numerous droplets as happens in 
Figure  0.14 (c) and Figure  0.14 (d). Therefore high surface tension leads to less 
satellites but a lower speed of the droplets. However, during the necking, breaking of 
the column seemed to easily occur in the liquid with higher surface tension when the 
surface area of the column reaches a certain value (Figure  0.14 (b)), this can be 
attributed to the driving force provided by the higher surface tension that drives the 
reduction of surface area of the liquid so that lower surface free energy can be obtained.  
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Figure  0.14 Simulation results for liquids A, B, C and D at 33.0 µs (a), 52.6 µs (b), 90.6 µs (c) and 118.4 µs (d) 
The effect of viscosity on the formation of droplets was investigated by comparing the 
simulation results of fluids C, E, F and G. The results are given in Figure  0.15 (a) and 
Figure  0.15 (b), the length of the liquid column decreases with increasing viscosity. As 
the viscosity is a measure of the resistance to distortion of a fluid which is being 
deformed, the liquid with high viscosity tends to have less deformation. The internal 
friction also hinders the breaking of the liquid column. Therefore the viscosity had a 
similar effect to surface tension, which ultimately determines the formation of satellites 
and the speed of the droplets. 
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Figure  0.15 Simulation results for liquid C, E, F and G at 33.0 µs (a), 47.2 µs (b), 76.6 µs (c), 84.4 µs (d), 90.6 
µs (e) and 105.0 µs (f) 
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The effects of surface tension and viscosity on the droplet velocity and number of 
satellites are summarised in Figure  0.16 and Figure  0.17. It can be observed that 
increasing surface tension can more effectively reduce the number of satellites, while 
viscosity has a more significant effect on the droplet velocity. This interpretation 
provides guidance for the adjustment of ink properties based on the morphology of 
obtained droplets. The numbers Re, We, Oh and Z (as introduced in Section 2.2) for 
liquids A-G calculated using the simulation results are given in Table 4.2. It can be 
concluded that the essential condition for inks which can be properly jetted by the 
Spectra printhead utilized in this study is Z ≈ 5.  
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Figure  0.16 The predicted effect of surface tension on the droplet velocity and number of satellites 
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Figure  0.17 The predicted effect of viscosity on the droplet velocity and number of satellites 
Table  0.2 The numbers Re, We, Oh and Z for liquid A-G calculated based on the simulation results 
Re We Oh Z 
A 267.8 68.9 0.031 32.2 
B 250.1 40.1 0.025 39.5 
C 237.1 27.0 0.022 45.6 
D 228.3 20.0 0.019 51.0 
E 111.5 23.9 0.044 22.8 
F 35.8 15.4 0.109 9.1 
G 12.4 7.4 0.219 4.6 
 
4.2.4	Failure	analysis	
4.2.4.1	Retraction	
The retraction of the droplet back to the chamber was often observed in the inkjet 
experiments, which led to printing failure. Figure  0.18 shows the whole process of 
retraction captured with the CCD camera during the inkjet printing trials. A short liquid 
column can be observed at the beginning of jetting. After that, a droplet was formed 
and drew back to the nozzle.  
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Figure  0.18 Retraction captured with CCD camera as the order of time (from left to right) 
As it is not possible to observe the behaviour of liquid inside the nozzle, it can be 
difficult to understand retraction through interpreting the images obtained. For this 
reason, simulation is recognised to be a possible approach for developing such 
understanding, and thus was employed in this study to provide a qualitative explanation. 
As for the initial simulations a fluid with a surface tension of 40 dynes/cm and a 
viscosity of 1 cps was used to undertake the simulation. The shape of the pressure curve 
was the same as in Section 4.2.1.3, with a lower pressure peak of 60 kPa, and all the 
curve had been scaled by 60%. The simulation results are presented in Figure  0.19. 
 
Figure  0.19 Simulation of the jetting process with a reduced pressure pluse magnitude 
Both the formation of a liquid column and the necking process can be observed in the 
simulation results. However, the liquid column had obtained an upward velocity when 
breaking from the orifice, due to the atrraction caused by surface tension. As a result, 
the formed droplet moved upward, merging with the liquid inside the nozzle, and then 
was retracted back by the negative pressure. 
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It can be concluded that the direct cause of the retraction can be attributed to the 
upward velocity of the droplet. In the experimental tests, the drag force applied for the 
droplet is often higher than the one in simulation, for instance, due to the friction 
between the liquid and the inner wall. Besides, the interaction between the liquid and 
the outer wall of the nozzle, which may affect the formation of droplet in actual 
applications, was not considered in the simulation. Hence, the inks with high surface 
tension and viscosity are conventionally prohibited as they are not suitable for the 
jetting process. When retraction happens, increasing the positive pressure can be an 
alternative solution to obtain droplets with better morphology leading to successful 
droplet deposition. 
4.2.4.2	Deviation	
Another common failure in the inkjet printing process is the deviation of the flying 
pathway of droplets from the perpendicular direction. According to Lee [91], deviation 
is normally caused by an abnormal shape of meniscus. Hence a model of asymmetric 
meniscus has been established as shown in Figure  0.20, which contains a convex semi-
circle and concave semi-circle. The surface tension and viscosity of the liquid chosen 
for the simulation was defined as 40 dynes/cm and 10 cps, respectively.  
 
Figure  0.20 Model of sine-shaped meniscus 
The result of the simulation using the above meniscus as the initial condition is shown 
in Figure  0.21. It can be observed that more volume of liquid was jetted through the 
concave side at the beginning of droplet formation. This is primarily attributed to the 
attraction caused by surface tension in the concave side which can be much smaller 
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than the one in the convex side. Hence the tip of the liquid column induced a horizontal 
velocity component, resulting in the inclining of the liquid column toward the concave 
side. Consequently, after the break of the liquid column, the formed droplet deviated 
from the perpendicular direction. 
 
Figure  0.21 Simulation of the jetting process for sine-shaped meniscus 
The meniscus model used to describe the jetting process best reflects the asymmetrical 
wetting behaviour of the liquid when interacting with the inner wall, which can result 
from any contamination of the nozzle. Therefore, to avoid such deviation, the nozzle 
must be cleaned before the jetting process is initiated. In this study, it has also been 
observed that cleaning of the nozzle can effectively eliminate deviation of the droplets.  
4.3	Initial	pattern	printing	
As all patterns no matter how complicated are composed of basic elements, the printing 
of single dots, straight tracks and rectangular film areas has been investigated in this 
section. The results are intended as a means to build a foundation for the printing of 
specific patterns, and also provide a guide for the latter studies presented within this 
thesis. 
4.3.1	Methodology	
The Microfab Jetlab® 4 inkjet system was employed in pattern printing. Silver 
nanoparticle ink and PEDOT:PSS solution were adopted as the printing material. Silver 
nanoparticle ink with a silver content of 20 wt.% was used in dot printing and for some 
of the track printing experiments. Patterns printed with the silver ink appeared as a 
white area as observed under the optical microscope. The PEDOT:PSS solution can be 
1.5         20.5       40.5         60.5        80.5      100.5 (in µs) 
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directly jetted by the Jetlab 4 inkjet system without any modification of its properties. 
The PEDOT:PSS solution was used in film printing and for the remainder of the track 
printing experiments. Patterns printed with PEDOT:PSS solution appeared to be 
transparent with a colour slightly darker than the substrate. 
In dot printing and track printing of Silver nanoparticle ink, four types of substrates 
commonly used in the industrial applications, i.e. glass, FR4 glass cloth reinforced 
Epoxy, polyimide (PI) and hydrophobic paper were utilised to investigate the 
droplet/substrate interactions and the spreading behaviour of ink droplets on substrates 
with different surface conditions. Prior to printing, the substrates were preheated to a 
temperature ranging from 20°C to 80°C. The printed deposits were then baked at 200°C 
for 20 min.  
In film printing, 0.2%, 0.5%, 0.8%, 1.0% and 1.3% PEDOT:PSS solutions were 
formulated and then printed on glass substrates with a fixed dot spacing of 50 µm to 
investigate the relationship between the film thickness and solute concentration. The 
method of film printing using Jetlab 4 inkjet system is depicted in Figure  0.22. The 
films were composed of single dots which were printed one track by one track. Every 
two neighbouring tracks had a gap of 50 µm between them and had converse printing 
directions. Material enrichment occurred at the two edges of the film due to the 
deceleration of the nozzle during the change of printing direction (shown in 
Figure  0.23).  
 
Figure  0.22 Pathway of nozzle in film printing 
50 µm 
50 µm
Pathway of printing 
Dots 
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Figure  0.23 PEDOT:PSS film printed on glass substrate 
4.3.2	Dot	printing	
Dots are basic element that is utilised to form various patterns using inkjet printing. The 
attainable feature size of a component fabricated using inkjet printing is directly 
determined by the dot size that can be achieved [43]. Dot size is determined by the 
droplet size generated from the nozzle and the subsequent interaction between droplet 
and substrate. The diameter of the nozzle was fixed at 60 µm in this study, therefore the 
droplet size cannot be adjusted. Instead, the effect of surface condition of the substrate 
on the dot size was investigated. Preheating was applied for the four types of substrate 
to study the optimal substrate temperature for each substrate. 
4.3.2.1	Effect	of	substrate	temperature	
The optical top views and cross section profiles of the dots formed on a glass substrate 
with different preheated temperatures are shown in Figure  0.24. It is obvious that as the 
substrate temperature increases, the diameter of the dots was reduced, and the round 
shape became more regular. Since the surface of the glass was not perfectly smooth and 
homogeneous, irregular boundaries of the dots can be observed, which may be caused 
by the interaction and spreading of the liquid droplets on the surface after landing, but 
before reaching a steady state. However, as can be predicted, the increase of substrate 
temperature leads to a higher evaporation speed, resulting in suppression of spreading. 
The evaporation rate of a water based droplet can be calculated as following [92]: 
			M ൌ Aሺm൅nvaሻ൫Pw‐Pa൯Hv                                                        (4.4) 
Where A is the surface area, m and n are constants, va is the air velocity over the ink 
surface which is zero in this study, Pw is the saturation vapour pressure at present 
10 mm 
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temperature, Pa is the saturation vapour pressure of air dew point, and Hv is the latent 
heat of vaporization of water.  
Considering that the time from the beginning of the surface energy driven stage 
(introduced in Section 2.3.3) to the end of spreading (t0) is often longer than the time to 
evaporate t, in practical situation for inks with low boiling point solvent (e.g. water, 
ethanol), the droplet can be assumed to keep spreading during the whole evaporation 
process. Thus the spreading time will be: 
t଴ ൌ t ൌ ୕బ୑ ൌ
୕బୌ౬
୫୅൫୔౭‐୔౗൯                                                   (4.5) 
Where Q0 is the total mass of the solvent and according to Antoine formula [93]: 
௪ܲ ൌ ݁஺భି
ಳభ
೅శ಴భ                                                        (4.6) 
It can be concluded that the spreading time decreases as the temperature rises, which is 
independent of the property of substrate. In addition, interestingly, the boundary of the 
dots printed on a higher substrate temperature e.g. 80 °C was found to be a darker line 
with a clear contrast from the optical observation (Figure  0.24). This is likely due to the 
coffee stain effect which causes a material enrichment on the edge of the dots, which 
was apparently accelerated at a higher substrate temperature [94].  
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Figure  0.24 Top views obtained by optical microscopy and cross-section profiles obtained by Zygo of droplets 
on glass substrates preheated at different temperatures (top to bottom is 20°C, 35°C, 50°C, 65°C and 80°C) 
4.3.2.2	Effect	of	substrate	type	
The substrates onto which the ink is deposited may have a significant effect on the 
formation of the dots. The top view of dots printed on the different substrates at 20 °C 
are given in Figure  0.25, which indicates that the outline shape of the dots can be 
significantly affected by the surface condition of the substrate. The diameters of the 
dots printed on the four substrates have been evaluated under different temperatures, 
the results are presented in Figure  0.26. 
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Figure  0.25 Optical top view of dots on (from left to right) glass, hydrophobic paper, FR4 and polyimide at 
20°C 
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Figure  0.26 Diameters of dots printed on four substrates under different preheat temperatures (ambient 
temperature: 20°C) 
As the experimental results in Figure  0.26 indicate, the size of the dots has been 
reduced to a certain degree due to the preheating of the substrate, which applies to each 
type of substrate. In particular, it had a drastic reduction of the dot diameter when 
printing on the glass substrate. However, it has appeared that the preheating did not 
affect the dot size significantly on the polyimide substrate. It is understood that each 
substrate may represent different properties, e.g. surface chemistry or energy which can 
considerably govern the impact and interaction of the droplets when they land on the 
surface, especially their wetting and evaporation behaviour. Therefore, both substrate 
temperature and types of substrate materials should be considered when aiming to 
achieve higher printing resolution (i.e. reducing the dot size). For instance, according to 
the trend of the curves, it can be roughly predicted that the optimal preheating 
temperature for glass in this experiment should be higher than 80 °C, in the range of 
30-40 °C for polyimide, 60-70 °C for FR4 and 50-60 °C for hydrophobic paper. For all 
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substrates, the variation of dot diameters became smaller as the temperature increased, 
indicating that more uniform dot size has been obtained. 
The final dot diameter can be qualitatively analysed using a mathematical model, as 
schematically illustrated in Figure  0.27. Assuming the diameter of the contact area 
between droplet and substrate after impact phase is D0, the spreading speed of the 
contact line is v and the spreading time is t0, the dot diameter after spreading will be: 
ܦ ൌ ܦ଴ ൅ 2׬ ݒ݀ݐ௧బ଴                                                             (4.7) 
 
Figure  0.27 Schematic model of droplet spreading process 
The instantaneous spreading velocity of the contact line is [95]: 
ݒ ൌ 2ܭ଴ߣsinh	ሾఊಽೇሺୡ୭ୱఏబିୡ୭ୱఏሻଶ௡௞ಳ் ሿ                                                (4.8) 
Where K0 is the frequency of molecular displacements, λ is their average length, γLV is 
the surface tension of the liquid, θ0 is the present contact angle, θ is the contact angle of 
steady state, n is the number of adsorption sites per unit area, kB is Boltzmann’s 
constant and T is the temperature. According to Ruijter [96], formula 4.8 can be 
simplified to: 
ݒ ൌ ଵ఍బ ߛ௅௏ሺcosߠ଴ െ cosߠሻ                                                    (4.9) 
Where ζ0 is a friction coefficient per length of the contact line and γLV can be estimated 
using the Eotvos rule: 
ߛܸଶ/ଷ ൌ ݇ሺ ௖ܶ െ ܶሻ                                                     (4.10) 
Where V is the molar volume of substance. Tc is the critical temperature and k is a 
constant valid for almost all substances. Using the Gibbs adsorption isotherm, 
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thermodynamics and a molecular interaction model, the contact angle of steady state 
can be described as [97]: 
cos ߠ ൌ 1 ൅ ܥሺ ௖ܶ െ ܶሻ௔/ሺ௕ି௔ሻ                                            (4.11) 
Where C is an integration constant, and a and b are temperature-independent constants 
from a balance of intermolecular forces. The model predicts the general experimental 
trends of θ with respect to T. Based on formula (4.10) and (4.11), both the surface 
tension of the droplet and the steady state contact angle decrease when the temperature 
rises. However, the decrease of the contact angle can lead to an increasing spreading 
speed, while the decrease of droplet surface tension presents a negative effect. Since a, 
b and C are related to the substrate properties (e.g. surface energy and surface 
roughness), temperature influences the spreading speed of contact line in different ways 
according to the substrate type.  
Table  0.3 Contact angle and surface energy of the substrates used in this study 
Substrate Contact angle (°) Dispersive (J/m2) 
Polar 
(J/m2) 
Total 
(J/m2) Water Diiodomethane 
Glass 35.7 61.0 14.42 46.37 60.79
Hydrophobic paper 77.4 40.3 39.45 4.40 43.85
FR-4 122.7 80.3 19.77 0.75 20.52
Polyimide 80.4 31.9 40.59 2.14 42.73
 
In this study, without preheating the substrate, the diameter of dots printed on glass, 
hydrophobic paper and polyimide is approximately proportional to the surface energy 
of the substrate (shown in Table 4.3). However, the size of the dots on FR4, which 
should be the smallest in theory, is second to the one on glass. This is because, instead 
of a static situation, the droplets impact the substrates with a speed close to 2 m/s 
during the inkjet process. As stated in Section 2.3.3, the droplets experience receding in 
the impact phase [65]. Nevertheless, the contraction of the dots on FR4 may be 
hindered owning to the high surface roughness, resulting in an irregular outline shown 
in Figure  0.25.  
As for the glass substrate, the acceleration of the solvent’s evaporation significantly 
contributes to the decrease of dot size when it was heated. However, small range of 
spreading occurred while the droplets were landing on polyimide, as such, the dot size 
was slightly decreased at the early stage of preheating. When the substrate was heated 
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up to around 35 °C, a balance generated between the evaporation of the solvent and the 
increasing spreading speed kept the dot size staying at the same size. For FR4 and 
hydrophobic paper, minimal dot size can be achieved through preheating in a certain 
range of temperature. Above certain temperatures, the increase of spreading speed 
became dominant and the dot size increases. 
4.3.3	Track	printing	
4.3.3.1	Study	of	dot	spacing	
In many application lines or tracks need to be printed to form functional components. 
Tracks are conventionally printed through a series overlapped dots, thereby dot spacing 
(the centre to centre distance of adjacent dots) is an important parameter in determining 
the quality of the printed tracks. Continuous track can only be obtained with suitable 
dot spacing value. The optimal dot spacing is dependent on the conditions of ink and 
substrate surface properties. The results from the dot spacing study on glass at room 
temperature (20 °C) are shown in Figure  0.28. According to the figure, an overlap rate 
(the ratio of overlap distance to the dot diameter, the overlap distance is calculated by 
subtracting the dot spacing from the dot diameter) of 27% is comparatively suitable in 
this process, where a continuous track with smooth edge can be obtained. For 
polyimide, FR4 and hydrophobic paper, the optimal overlap rate was also determined 
using the same method, and they are 32%, 33% and 28% respectively. When the dot 
spacing is too big, discontinuous track is inevitable. When the dot spacing is too small, 
on the other hand, the contact angle of the liquid with the substrate is greater than the 
advancing contact angle, which can ultimately lead to the formation of bulges [98].  
 
Figure  0.28 Printed silver tracks with different dot spacing values (from left to right: 170 µm, 125 µm, 110 µm, 
100 µm, 80 µm, 70 µm, 60 µm and 50 µm. The average dot diameter is approximately 150 µm) 
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Error! Reference source not found. provides a correlation between the dot diameters 
and the track width which is printed, as well as a comparison between the four different 
substrates. Accordingly, the widths of the tracks are normally smaller than the 
corresponding dot diameters. This can be explained using a model illustrated in 
Figure  0.30. When the droplet landed on the substrate in the printing of a track, the 
spreading behaviour of the droplet is different from the situation in printing single dot. 
The liquid of the droplet firstly flowed to the indentation at the interface of adjacent 
droplets to form a uniform liquid surface. As a result, the contact angle between droplet 
and substrate at the interface of two droplets (broken line A in Figure  0.30) was larger 
than the one of other areas, leading to a preferential spreading in the grey area. Thus 
relatively regular track outline can be finally obtained.  
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Figure  0.29 Average dot diameters, track width of one layer on different substrates (move down) 
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Figure  0.30 schematic illustration of droplet spreading 
4.3.3.2	Multi‐layer	printing	
Multi-layer tracks have been printed by repeating the printing process for a single track 
at the same position for number of times. The width and thickness of the tracks are 
shown in Figure  0.31. Both width and thickness increased with the increase of the 
number of layers. The morphology of the track (profile of the cross section 
perpendicular to the printing direction) is mainly determined by the combined action of 
surface tension and gravity. Before drying, the surface tension of the liquid prevents it 
from spreading on the substrate, while gravity contributes to the spreading. As the 
number of layers increases, the effect of gravity becomes more obvious due to the 
increased amount of material, resulting in smaller increases in the average track 
thickness. Meanwhile, the relationship between track width and number of layers 
becomes more linear. The deviation of the track width decreased as the increase of 
layers, which demonstrated that multi-layer printing can lead to more uniform tracks, as 
shown by the error bars in Figure 4.31. 
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Figure  0.31 Width and thickness of tracks through multiple printing 
4.3.4	Film	printing	
4.3.4.1	Thickness	control	
One of the most important advantages of inkjet printing is that the amount of deposited 
material can be precisely controlled. Hence the thickness of films printed with inkjet 
can be altered by adjusting the printing parameters. To obtain an understanding of 
printing PEDOT:PSS films with desired thickness, films were printed using 
PEDOT:PSS solutions of different concentrations. The relationship between film 
thickness and concentration of PEDOT:PSS solution is given in Figure  0.32, which 
exhibits an approximate linear relation. This demonstrates that film thickness can be 
controlled by the loading of inks. 
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Figure  0.32 Relationship between the film thickness and the content of PEDOT: PSS in the ink 
In fact, the purpose of altering the concentration of PEDOT:PSS is to change the 
amount of deposited material. Alternatively, by changing the printing dot spacing 
which determines the volume of ink deposited in a unit area the thickness of the printed 
films can be altered. The relationship can be calculated based on the results from 
Figure  0.32. The volume of a Ф60 μm single droplet is: 
଴ܸ ൌ ସଷ ߨݎଷ ൌ 1.1 ൈ 10ିସ	݉݉ଷ                                    (4.12) 
Since the dot spacing adopted in the thickness study is 50 µm, 400 droplets were 
contained in 1 mm2 area and the total volume is: 
ܸ ൌ 400 ൈ ସଷ ߨݎଷ ൌ 0.044	݉݉ଷ                                (4.13) 
Therefore the thickness of solution should be: 
݄଴ ൌ 44μ݉                                                (4.14) 
As the density of the solution is about 1.0 g/mm3, the content of PEDOT:PSS is: 
݉ ൌ 0.044݃ ൈ 1.3% ൌ 5.72 ൈ 10ିସ݃                         (4.15) 
The density of PEDOT:PSS is: 
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ߩ ൌ ௠௏ ൌ
ହ.଻ଶൈଵ଴షర௚
ସൈଵ଴షర	௠௠య ൌ 1.43݃/݉݉ଷ                           (4.16) 
When the dot spacing is s µm, the thickness should be: 
݄ ൌ ሺ
భబబబ
ೞ ሻమൈ௏బൈଵ.ଷ%
ఘ ൌ
ଵ
௦మ ݉݉                                (4.17) 
Therefore, using 1.3 wt. % PEDOT:PSS solution to print film with a thickness of h mm, 
the dot spacing should be set as: 
ݏ ൌ ටଵ௛ 	ߤ݉                                                     (4.18) 
4.4	Conclusions	
(1) In the formulation and preparation of water-based ink, various methods to control 
ink properties have been investigated. Glycerol and surfactants have been used which 
are able to adjust the viscosity and surface tension respectively. The addition of ethanol 
also has certain impact on the surface tension. The relationship between viscosity and 
temperature has been established so that the viscosity of ink can be controlled by 
altering temperature without changing the components in the ink. After the formulation, 
filtering and ultrasonic processing are essential to avoid blocking of nozzle in the 
printhead. 
(2) The droplet formation from a commercial printhead has been simulated using 
FLUENT. The simulation results suggest that both high surface tension and high 
viscosity can lead to less satellites and lower velocity of the droplets. However, 
retraction can occur when the droplet obtains an upward velocity. In addition, deviation 
of the droplets can likely be caused by the contaminated inner wall of the printhead. 
(3) In dot printing, evaporation of the droplets can be accelerated by preheating, 
resulting in a more obvious coffee stain effect and more regular dot morphology. 
However, preheating is not always leading to smaller feature size. Although preheating 
can diminish the time of spreading, the upgraded wetting property can increase the 
spreading speed of the contact line at the same time. According to the experimental 
results of this study, to achieve the smallest feature size, it is predicted that the optimal 
preheat temperature of substrate in this experiment should be greater than 80 °C for 
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glass, but in a range of 30-40 °C for polyimide, 60-70 °C for FR4 and 50-60 °C for 
hydrophobic paper. The results are useful to provide a general guidance to the practice 
of inkjet printing industry. A mathematical model has been developed to explain the 
roles of surface tension and temperature in this process. In the printing of tracks, the 
optimal overlap rate for the four substrates has been tested and was found to be 27%, 
32%, 33% and 28%, respectively. The width of the track is normally smaller than 
feature size due to the non-uniform spreading of inks in different direction of the 
printed droplets. For film printing, the thickness of films printed with PEDOT:PSS 
solutions with different concentration has been investigated. A relationship between the 
film thickness and printing resolution has also been established. 
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Chapter 5 Inkjet Printing of PEDOT:PSS Thin Film and 
Optimisation 
 
In this chapter, deposition of PEDOT:PSS thin films using inkjet printing as well as 
their optimisation through modification of the inks are described. PEDOT:PSS is a 
prevalent conductive polymer, which has been widely used in the integration of 
electronic devices. It is also considered to be a competitive alternative to transparent 
conductive oxides (TCOs). Numerous methods have been developed to improve the 
electric conductivity of PEDOT:PSS. According to the mechanism of enhancement of 
electrical conductivity, these methods can be divided into two categories: i) altering the 
internal distribution of the conductive components, and ii) doping with additional 
conductive materials. This work aim to incorporating the two methods in the trials of 
inkjet printing of PEDOT:PSS thin films. 
Section 5.1 is an introduction of the polymer blend PEDOT:PSS. The application of 
inkjet technology in printing PEDOT:PSS thin films and the optimisation of the printed 
PEDOT:PSS are also reviewed in this section. Altering internal distribution of 
conductive components and addition of doping with additional conductors into the 
matrix to improve the electrical conductivity of the inkjet printed PEDOT:PSS thin 
films are elaborated in section 5.2 and 5.3, respectively. The last section, 5.4, provides a 
conclusion of the results presented this chapter.  
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5.1	Introduction	
5.1.1	Introduction	of	PEDOT:PSS	
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is a 
polymer blend consisting of a polymeric form of ethylenedioxythiophene (PEDOT) and 
a polyelectrolyte sulfoxide (PSS) (Figure  0.1). PEDOT is unstable in its pH-neutral 
state which oxidizes rapidly in the air and insoluble in many common solvents. 
Therefore, PSS is added to improve the stability and solubility of PEDOT, allowing the 
formation of an aqueous dispersion of PEDOT:PSS, where PEDOT is in its oxidized 
state.  
 
Figure  0.1 Chemical formula of PEDOT (top) and PSS (bottom) [40] 
Numerous schematic models of the microstructure of PEDOT:PSS have been proposed. 
For instance, the PEDOT oligomers are considered as an attachment to the PSS chains 
[99], as shown in Figure  0.2. However, Nardes [100] proposed a cross-sectional 
schematic morphological model of PEDOT:PSS (Figure  0.3). In this model, 
PEDOT:PSS is composed of pancake-like PEDOT-rich clusters (dark area) separated 
by PSS lamellas (bright area). The typical diameter of the clusters is in a range of 20-25 
nm with a height of about 5-6 nm. 
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Figure  0.2 Schematic structure of PEDOT:PSS (after ref. [92]) 
 
Figure  0.3 Cross-sectional view of the schematic morphological model for PEDOT:PSS thin films derived 
from combined STM and X-AFM measurements [83] 
PEDOT:PSS is a very promising material due to its excellent electrical and optical 
properties [101]. PEDOT has a low band gap of 1.5~1.6 eV, which is believed to 
originate from the influence of the electron-donor ethylene dioxy groups on the 
energies of the frontier levels of the π system. After doping with PSS, PEDOT exhibits 
reduced absorption in the visible and the oscillator strength shifts to below 1 eV in the 
metallic state. Hence it shows a high electrical conductivity up to 550 S/cm [102]. 
PEDOT:PSS has been widely used as an antistatic coating material, as electrodes for 
capacitors or photodiodes, and as a hole transport layer in organic LEDs during the last 
decade [103-107]. In polymer solar cell systems, it is often inserted as a sandwich 
structure between the TCO layer and the active layer to reduce the roughness of TCO, 
thereby reduces the possibility of shorts between the bottom and the top electrodes. 
Besides, PEDOT has a work function of 5.2 eV, further bridging the gap between the 
work function of ITO and the highest occupied molecular orbital (HOMO) level of 
Poly(3-hexylthiophene-2,5-diyl) (P3HT) donor material [108], which is beneficial for 
the transport of carriers.  
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PEDOT:PSS is also a promising candidate to replace ITO as an electrode in 
optoelectronic devices. As indium is a scarce and expensive material, there has been an 
imminent need to find new transparent conductive materials to replace ITO [109]. 
Furthermore, PEDOT:PSS exhibits high mechanical flexibility in contrast with the 
fragility of ITO, which enables various applications in flexible electronics. Kim et al. 
[36] fabricated TCO-free solar cells with a modified PEDOT:PSS layer as the anode. 
Such solar cells achieved the power conversion efficiency (PCE) as high as ITO-based 
organic solar cells. Yang et al. [110] used a PEDOT:PSS/Ag/PEDOT:PSS multilayer 
structure as the anode of the polymer solar cell and obtained a PCE of 2.99%. A large 
number of similar work [38, 111, 112] have increasingly demonstrated that 
PEDOT:PSS can act as a robust alternative option to replace ITO. 
5.1.2	Inkjet	printing	of	PEDOT:PSS	thin	film	
As PEDOT:PSS is soluble in water, its solution can be deposited in principle by all 
techniques that are suitable for the deposition of waterborne coatings. The common 
deposition techniques include spin coating, drop casting, screen printing, doctor blading, 
inkjet printing and spraying. In recent years, deposition of PEDOT:PSS using inkjet 
printing has gained more and more interest and attention due to its agile data driven 
approach, and potential low material and energy consumption.  
In Eom et al.’s study [27], a reliable solar cell with a PCE of 3.16% has been fabricated 
based on an inkjet-printed PEDOT:PSS layer. Ballarin et al. [28] printed thin films of 
PEDOT: PSS with inkjet printing and compared the properties with thin films prepared 
with spin coating. It has been found that no appreciable differences were noticed in 
terms of their electrochemical behaviour in the cells, which indicated that inkjet 
printing can be a good alternative for the thin film deposition of conjugated polymers. 
In Steirer et al.’s study [29], the standard bulk heterojunction (BHJ) devices containing 
PEDOT:PSS thin films prepared through spin coating, ultrasonic spray and inkjet 
printing as the buffer layer has achieved PCEs of 3.6%, 3.5%, and 3.3% respectively. 
The similar efficiencies also indicated that inkjet printing is a viable manufacturing 
route competing with spin coating for deposition of thin films in organic photovoltaic 
devices (OPV) applications. 
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As the properties of commercial aqueous PEDOT:PSS solutions (~1.2 mPas, ~72 
dynes/cm) are not designed for inkjet printing, co-solvent with high viscosity and 
surfactants need be added into the PEDOT:PSS solution to adjust the jetting properties 
according to the requirements of specific inkjet printers [113, 114].  
5.1.3	Optimisation	of	PEDOT:PSS	
Numerous methods have been reported to improve the electrical conductivity of 
PEDOT:PSS. These methods can be divided into two categories: altering the internal 
distribution of PEDOT, and doping additional conductors. 
5.1.3.1	Altering	internal	distribution	of	PEDOT	
As introduced in Section 5.1.1, PEDOT:PSS is composed of conductive PEDOT 
islands surrounded by insulating PSS lamellas. Therefore, it can be deduced that the 
electrical conductivity of PEDOT:PSS will be influenced by the distribution of the 
PEDOT islands and PSS chains. Some related research works on this topic from the 
literature are summarized in Table 5.1. Dobbelin et al. [115] found that the addition of 
ionic liquids can swell the PSS domains inducing phase separation domain with an 
excess of insulating PSS surrounded by a phase of merged conducting PEDOT grains; a 
three-dimensional conducting network can thereby be formed. Ouyang et al. [116] 
emphasised that the conductivity of PEDOT:PSS can be enhanced by treating with a 
co-solvent which leads to the preferential arrangement of the PEDOT and PSS chains, 
resulting in phase separation of PSS-H chains from the PEDOT:PSS film and the 
conformational changes of the PEDOT chains. Xia et al. [117] reported similar results 
and expanded the range of co-solvent materials to demonstrate their effect on the thin 
film deposition. Reyes et al. [118] enhanced the conductivity of PEDOT:PSS films by 
adding a small amount of dimethyl sulphate (DMS), and found that the SO4-2 anionic 
sulphates in DMS can partially replace the PSS- segments and increase the bipolaron 
population by an ion exchange process. Huang et al. [119] revealed that high boiling 
point solvent can also improve the conductivity of PEDOT:PSS thin films as the added 
solvent leading to larger grain sizes and lower inter-grain hopping barriers. Fan et al. 
[120] proposed that the addition of anionic surfactants and salts can enhance the 
conductivity of PEDOT:PSS base on a different mechanism. The effect of anionic 
surfactant is due to the anion exchange between the surfactants and PEDOT:PSS in 
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solution, and the effect of salt is attributed to the PSS loss from the PEDOT:PSS film 
and the conformational change of PEDOT. 
Table  0.1 Summary of research works of improving the conductivity of PEDOT:PSS by altering distribution 
Additive content (solution) 
Conductivity (S/cm) 
Author 
Pristine Improved 
Ionic liquid (BF4-) 1.5 wt.% 14 136 Dobbelin [115] 
Ethylene glycol 
- 0.4 
200
Ouyang [116] 
DMSO 143
NMP 46
N,N-
dimethylacetomide 37 
4-Methoxyphenol 20
Methanol 
70-80 vol.% 0.2 
69.7
Xia [117] 
Ethanol 72.7
IPA 42
ACN 78.9
Acetone 47.1
THF 40.9
Dimethyl sulfate 4 wt.% 0.07 132 Reyes [118] 
Sorbitol 5 wt.%
 0.05 
4
Huang [119] Glycerol 0.6
SDS 6 wt.% 0.16 80
Fan [120] POETE 8 wt.% 0.16 4
CuCl3 1 mol/L 0.2 144
 
5.1.3.2	Doping	with	additional	conductive	materials	
Metal nanoparticles (NPs) have been used to enhance the conductivity of conductive 
polymers (e.g. polyaniline [121, 122]) since 2002. Subsequently researchers utilised 
this method to enhance the conductivity of PEDOT:PSS, and the related work has been 
summarised in Table 5.2. The purpose of doping with additional conductors is to 
provide more conductive connections between the PEDOT islands which are separated 
by the insulating PSS lamellas. Melendez et al. [123] synthesised the Ag NPs in the 
presence of PEDOT:PSS to obtain Ag(PEDOT:PSS) composites. The films deposited 
using the composites exhibited conductivity three orders of magnitude higher than 
pristine PEDOT:PSS. Similar results have been reported in Moreno et al.’s work [124]. 
Moreover, PEDOT:PSS films doped with metal nanoparticles are able to sense 
biologically important compounds such as dopamine and uric acid in presence of 
excess ascorbic acid, with superior selectivity and sensitivity when compared to the 
polymer film alone [125]. Other conductors, such as graphene [126], ZnO [127] and 
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carbon nanotubes (CNT) [128, 129], have also been incorporated into PEDOT:PSS to 
improve the electrical properties. 
Table  0.2 Summary of research works in improving the conductivity of PEDOT:PSS by doping with 
additional conductors 
Conductor Conductivity Transparency Author Pristine Improved 
Ag 5.24×10-4 S/cm 1.63 S/cm - Melendez [124] 
Graphene 10-5-10-6 S/cm 0.2 S/cm > 80 % Xu [126] 
ZnO ~168 S/cm ~300 S/cm - Semaltianos [127] 
CNT > 4 kΩ/sq ~400 Ω/sq - Denneulin [129] 
CNT 104 kΩ/sq ~1 kΩ/sq ~70% Mustonen [128] 
 
5.2	Solvent	&	thermal	annealing	
In this section, solvent annealing and thermal annealing are incorporated in the inkjet 
printing of PEDOT:PSS thin films. The effect of the annealing processes on the 
microstructure and properties of the PEDOT:PSS are discussed. 
5.2.1	Solvent	annealing	
5.2.1.1	Experimental	procedures	
The PEDOT:PSS solution was modified to reach a jettable viscosity by doping glycerol 
and deionized (DI) water. The viscosities of the mixture liquid with different contents 
of the components are shown in Figure  0.4. The prepared ink was then jetted on the 
glass substrate at room temperature using the Microfab Jetlab® 4 inkjet system. 
Droplets with a diameter of 60 µm were obtained without satellite. Dot spacing was 
fixed at 50 µm. After printing, the samples were baked in an oven at 100°C, 150°C and 
200°C for 20 min, respectively.  
 
Figure  0.4 Viscosity distribution mapping of the mixture of glycerol, PEDOT: PSS and DI water 
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5.2.1.2	Effect	of	doping	content	
5.2.1.2.1	Morphology	
From Figure  0.5, interestingly, the addition of glycerol has exhibited an opposite effect 
on the surface roughness of the thin films (baked at 100 °C) at macro scale (250×250 
µm2) in comparison with micro scale (1×1 µm2). At the macroscopic scale, the surface 
of inkjet printed thin films is not as uniform as the films deposited by other printing 
methods, e.g. spin coating. This is primarily attributed to the “coffee stain effect” that 
has occurred in the inkjet printing on the bases of individual single dots forming a 
continuous film. As a high boiling point solvent, glycerol in this case can assist to 
reduce the evaporation rate of the droplets, thereby the formation of “coffee ring” can 
be hindered resulting in a relatively flatter surface [130]. However, at the microscopic 
level, the aggregation of PEDOT-rich particles which have been generated due to the 
addition of glycerol can result in an increased roughness on the film surface. Such 
aggregations have been observed on an area of 1×1 µm2 using AFM analysis.  
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Figure  0.5 Surface roughness of PEDOT:PSS thin films vs. addition of glycerol (deposited at room 
temperature) 
As shown in the images in Figure  0.6, no obvious particles can be found in the thin 
films prepared with pristine PEDOT:PSS with 5% glycerol. However, the surface 
morphology of the glycerol doped PEDOT:PSS became more inhomogeneous than the 
pristine PEDOT:PSS. When doped with 10% glycerol, the topography of the thin films 
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displayed elliptic particles in a preferential direction, as been reported in Nardes et al.’s 
study [131]. The alignment of such particles can be explained by referring to the model 
Vitoratos has established [99]. Accordingly, the ionic bonds between PEDOT and PSS 
chains are firstly broken by the addition of glycerol [117]. The negative charges on the 
PSS chains then repulse each other to form a better organized alignment. As the content 
of glycerol increases to 20%, the elliptic particles become round shape and bigger, 
which indicates a significant concentration of PEDOT caused by the repulsion. A 
further increase in the content of glycerol makes the particles much easier to be 
identified, exhibiting more significant aggregation. 
 
Figure  0.6 AFM images on an area of 1 × 1 µm2 of thin films prepared with pristine PEDOT:PSS and 
PEDOT:PSS doped with 5%, 10%, 20% and 35% glycerol 
5.2.1.2.2	Conductivity	
Figure  0.7 shows the conductivity of the thin films prepared with glycerol doped 
PEDOT:PSS inks. Clearly, the conductivity of the thin film increases rapidly with the 
content of glycerol. With the addition of 5% glycerol, the conductivity is enhanced for 
over 20 times, close to the 12 times of Huang’s work [119]. With the content of 
glycerol 35%, the conductivity is increased approximately 300 times. Despite the 
significant improvement in film conductivity, further addition of glycerol to the ink led 
to a high viscosity which ultimately reduces its jetting ability as seen in Figure  0.4. It is 
Chapter 5 Inkjet Printing of PEDOT:PSS Thin Film and Optimisation 
- 80 - 
 
reported that the electrical conductivity of PEDOT:PSS thin films depends strongly on 
the extent of aggregation of the constituent polymer nanoparticles [39, 132]. Therefore, 
the addition of glycerol in the inks can improve the conductivity of the thin films 
drastically. 
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Figure  0.7 Conductivity of PEDOT:PSS thin films vs. addition of glycerol 
5.2.1.3	Effect	of	baking	temperature	
5.2.1.3.1	Morphology	
The thickness and surface roughness of the PEDOT:PSS thin films baked at different 
temperatures are shown in Figure  0.8. The concentration of PEDOT:PSS in the doped 
inks was reduced due to the addition of glycerol, resulting in a much thinner film. 
However, Baking at 150 °C and 200 °C, has led to a reduction of the thickness of the 
thin films by approximately 50 nm compared with the ones baked at 100 °C. Since 
150 °C is lower than the degradation temperature (~200 °C) of both PEDOT and PSS, 
the shrinkage induced from this process is probably due to the evaporation of the 
residual glycerol.  
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Figure  0.8 Thickness and surface roughness of PEDOT:PSS thin film under different baking conditions 
The surface profile of the thin films was affected by such shrinkage, as shown in 
Figure  0.9. It is reported [133] that the PEDOT and PSS chains can be reorganised and 
stabilised during subsequent thermal annealing by a plasticizing effect with the 
existence of glycerol.  
 
Figure  0.9 AFM images (500 × 500 nm2) and cross section profiles of PEDOT:PSS thin films baked at 100°C, 
150°C and 200°C 
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5.2.1.3.2	Conductivity	
Further improvement in the conductivity of the thin films was found after annealing as 
shown in Figure  0.10. The measured conductivity of the thin films was 82.5 S/cm after 
baking at 150 °C, in comparison with 52.4 S/cm obtained by baking at 100 °C. 
However, no further significant improvement in conductivity has been observed when 
baking at 200 °C. This might be caused by the reorganization and stabilization of the 
PEDOT and PSS chains during subsequent thermal annealing. 
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Figure  0.10 Conductivity of PEDOT:PSS thin film under different baking conditions 
5.2.1.3.3	Transparency	
The transmittance of the thin films (including the substrate) prepared with pristine and 
glycerol doped PEDOT:PSS inks are shown in Figure  0.11. Comparing the films with 
and without doping, it can be concluded that the addition of glycerol is beneficial to 
transparency. As above mentioned, glycerol can facilitate the formation of large 
PEDOT-rich particles, therefore, the number of interfaces between PEDOT-rich 
particles and PSS lamellas can be reduced, contributing to the reduction of absorbance 
of light. Moreover, the loss of transmittance of glycerol doped PEDOT:PSS is not as 
significant as the pristine PEDOT:PSS after baking above 150 °C, which suggests that 
the existence of glycerol may also help to restrain the degradation of PEDOT. 
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Figure  0.11 Transmittance of glass substrate, pristine and glycerol doped PEDOT:PSS thin films with 
substrate 
5.2.2	Thermal	annealing	
5.2.2.1	Experimental	procedures	
The inkjet printing was carried out using the Microfab Jetlab® 4 inkjet system. During 
the thin film printing, droplets with a diameter of 60 µm were firstly optimised to 
eliminate any satellite. Thin films of an area of 6 mm × 55 mm were then printed on 
prewashed glass substrates with a fixed dot spacing of 50 µm. Pristine 1.3 wt.% 
PEDOT:PSS solution was printed and then baked at temperatures of 100 °C, 150 °C, 
200 °C, 225 °C, 250 °C, 275 °C, and 300 °C for 20 min. 
5.2.2.2	Effect	of	baking	temperature	
5.2.2.2.1	Morphology	
The appearances of baked PEDOT:PSS thin films obtained from optical microscope are 
given in Figure  0.12. Accordingly, the colour of the thin films is found to become 
darker with the increase of baking temperature. The difference is particularly obvious 
between 250 °C and 275 °C. This indicates the possible effect on the transmittance of 
the thin films deposited. 
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Figure  0.12 The appearance of PEDOT:PSS films after baking at different temperatures 
Figure  0.13 shows the thickness and surface roughness of these PEDOT:PSS thin films 
baked under different temperatures. When the baking temperature is below 275 °C, 
both thickness and surface roughness remain nearly constant. However, after baking at 
300 °C, an obvious decrease in the thickness can be observed, with an increase in the 
surface roughness. This indicates that the film has been damaged at such high 
temperature. 
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Figure  0.13 Thickness and surface roughness of the PEDOT:PSS thin films baked at different temperatures 
According to the AFM height images and phase images (PEDOT and PSS can be 
distinguished by colour) derived simultaneously from the thin films after baking and 
presented in Figure  0.14 and Figure  0.15, it is indicative that the microstructure has 
changed due to the baking at 225 °C or higher. In particular, the size of PEDOT-rich 
particles seemed to have increased which was accompanied by a decrease in surface 
roughness. It is recognised that the increase of the PEDOT-rich particle size is 
attributed to following two effects: i) aggregation of PEDOT [99], ii) degradation of 
PSS chains (especially when baking above 250 °C) [134]. Severe degradation of the 
surface of the thin film after baking at 300 °C has been observed (Figure  0.14 and 
Figure  0.15). 
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Figure  0.14 AFM images and cross section profiles of PEDOT:PSS thin films: affect of thermal annealing 
 
Figure  0.15 Phase images of PEDOT:PSS thin films due to thermal annealing 
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5.2.2.2.2	Conductivity	
Figure  0.16 shows the results from the measurements of conductivity. Thermal 
annealing did not significantly reduce the electrical resistivity of the PEDOT:PSS thin 
films, which somewhat disagrees to what have been reported in the literature [35, 135]. 
Indeed, when baking below 250 °C, the conductivities remain almost constant, with a 
slight rise. An obvious decrease in conductivity of the thin film when baking at 275 °C 
has occurred. However, very poor conductivity was observed for films baked at 300 °C, 
which is out of the range of the micro-ohmmeter. According to the morphology 
obtained via AFM, the relationship between conductivity and microstructure of the thin 
films can be established. Although the aggregation of PEDOT is beneficial to the 
electric conductivity of the thin film, the electric conductivity was still reduced, which 
is primarily attributed to the weakened connection between PEDOT-rich particles 
because of the loss of PSS.  
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Figure  0.16 Conductivity of the PEDOT:PSS thin films after baking at different temperatures 
Such negative effect of baking on the electrical conductivity of thin films does not 
necessarily present a problem when used in actual devices, as such thermal annealing 
may still be beneficial for the connection between the thin films and other parts of the 
devices [136]. Based on the experimental results in this study, it is recommended that 
the thermal annealing temperature should not be higher than 250 °C. 
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5.2.2.2.3	Transparency	
Figure  0.17 presents the effect of baking on transmittance. The transmittance of the thin 
films decreases with the increase of baking temperature. This is particularly when the 
baking above 250 °C, which is in agreement with the colour change shown in 
Figure  0.12. Baking at 300 °C seemed to result in a rather different behaviour in light 
absorption, which indicates a dramatic change in the components of the thin film.  
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Figure  0.17 Transmittance of bare glass and PEDOT:PSS thin films with glass substrate after baking at 
different temperatures 
5.3	Conductor	doped	PEDOT:PSS	
This section verifies the applicability of doping with additional conductive materials in 
the inkjet printing of PEDOT:PSS patterns. 
5.3.1	Silver	nanoparticle	(Ag	NPs)	doped	PEDOT:PSS	
5.3.1.1	Experimental	procedures	
5.3.1.1.1	Ink	preparation	
To investigate the formation of Ag NPs doped PEDOT:PSS, two methods have been 
used in the study.  
Chapter 5 Inkjet Printing of PEDOT:PSS Thin Film and Optimisation 
- 89 - 
 
In the first method, seven equal volume solutions of reactants for composite solutions I-
VII were prepared by dissolving silver nitrate in deionized water, then mixing with 
PEDOT:PSS solution (1.3 wt.%). After being homogeneously mixed by ultrasonicator, 
the mixture was stirred vigorously in a heated water bath to induce a reaction between 
silver nitrate and PEDOT:PSS. The formulation, reaction time and temperature to 
prepare composites I-VII are listed in Table 5.3. Following this, 0.5 wt.% JC-601, 1 wt.% 
glycerol and 5 wt.% ethanol were added into these to form Inks A-G using the readily 
prepared composites I-VII respectively. The viscosity and surface tension of the inks 
were adjusted to 5 cps and 35 dynes/cm respectively prior to the inkjet printing trials. 
Table  0.3 Preparation and reaction parameters of Ag-PEDOT:PSS composite solutions and mass of filtered 
Ag particles 
Composites AgNO3 (g) 
PEDOT:PSS 
solution (g) 
DI 
water   
(g) 
Reaction 
time (h) 
Temperature 
(°C) 
Mass of 
filtered 
Ag NPs 
(g) 
I 0. 16 10 90 1 60 0.075 
II 0.16 10 90 2 60 0.079 
III 0.16 10 90 3 60 0.081 
IV 1.6 10 90 3 60 0.843 
V 0.016 10 90 3 60 0.004 
VI 0.16 10 90 3 40 0.081 
VII 0.16 10 90 3 80 0.083 
 
In the second method, the same group of composite solutions I-VII shown in the Table 
5.3 were also prepared following the same procedures, but they were subsequently 
centrifugally rotated (4000 r/min, 10 min) for several times to enable the separation and 
filtration of the pure Ag NPs from solvent. The mass of the filtered Ag NPs from each 
composite solutions (I-VII) is given in the Table 1, which indicates a collection rate 
was close to 80% of the theoretical masses which are approximately 0.1 g from 
composites I, II, III, VI and VII, 1 g from IV and 0.01 g from V. The composite V 
represents an abnormal low collection rate as the particle size is too small to be 
separated at a high rate. The similar collection rate from different samples indicates the 
complete reduction reaction for all the samples. Once the silver particles were obtained 
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from the filtration, they were subsequently ultrasonically dispersed into a solution of 10 
g PEDOT:PSS solution (1.3 wt.%) then dissolved in 90 g DI water. Ultrasonic 
cavitation generates high shear that can break particle agglomerates into single 
dispersed particles and therefore is suitable for the dispersion of Ag NPs in this study. 
Such prepared mixtures were then thoroughly blended with 0.5 wt.% JC-601, 1 wt.% 
glycerol and 5 wt.% ethanol to form the Ag-PEDOT:PSS inks a-g with respect to the 
initial composite solutions I-VII, which can be readily utilized for inkjet printing trials.  
In both methods, the contents of PEDOT:PSS were 0.12 wt.% in all inks, so that it is 
possible to investigate the effect of silver content and silver nanoparticle size. The 
contents of silver in different inks are listed in Table 5.4. The materials and contents of 
the other components in inks A-G and a-g were kept the same and less critical, 
therefore they were not included. No sedimentation was observed in the inks after 
standing for 24 h. However, few micro scale black particles can be found on the bottom 
and side of the container after standing for 72 h, which means the stability of the inks 
needs to be further improved. Hence the printing works in this study were carried out in 
24 h after the formulation of inks. 
Table  0.4 Contents of silver in Inks A-G and a-g 
Ink Silver content (g) Ink Silver content (g) 
A 0.1 a 0.075 
B 0.1 b 0.079 
C 0.1 c 0.081 
D 1 d 0.843 
E 0.01 e 0.004 
F 0.1 f 0.081 
G 0.1 g 0.083 
 
5.3.1.1.2	Inkjet	printing	of	thin	films	
The inks were jetted using model Spectra SE-128 printhead with a printing frequency 
of 2000 Hz. The droplet size was ~50 µm and the subsequent dot size ranged from 120 
to 150 µm. Areas of 10 mm × 10 mm squares were printed on prewashed glass 
substrates and then dried at 50 °C in dry chamber for 1 h. The printing resolution was 
fixed at 500 × 500 dpi, so that thin films with a thickness around 300 nm after drying 
can be obtained. 
Chapter 5 Inkjet Printing of PEDOT:PSS Thin Film and Optimisation 
- 91 - 
 
5.3.1.2	Synthesis	of	Ag	NPs	
5.3.1.2.1	XRD	patterns	
The XRD patterns shown in Figure  0.18 confirmed the formation of Ag NPs. The peaks 
in the spectra matched very well with the standard cubic silver particles. The line 
broadening (~0.0134 rad) indicates that the obtained silver in the solutions are nano-
sized particles.   
 
Figure  0.18 XRD patterns of silver lattice structure from the obtained Ag NPs for the ink formulation 
5.3.1.2.2	TEM	
The interpretation has been verified in Figure  0.19 which shows the TEM images of 
composite III (Figure  0.19 (a)) and silver particles separated from composite III 
(Figure  0.19 (b)). Before the separation of PEDOT:PSS and silver nanoparticles 
(Figure  0.19 (a)), most of the nanoparticles are attached to PEDOT:PSS pieces which 
appears as a gray area which is slightly darker than the background in the image. Only a 
few particles with extreme small size were spread apart from the polymer islands. After 
the centrifugal separation and cleansing (Figure  0.19 (b)), no obvious gray clusters can 
be observed, indicating that the polymer is thoroughly removed from the silver 
nanoparticles. In addition, the nanoparticles are well dispersed in ethanol due to the low 
concentration and deagglomeration effect of ultrasonic. 
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Figure  0.19 TEM images of silver NPs before (a) and after (b) separation from PEDOT:PSS 
Based on the measurement results of Nano Measurer 1.2, the optimised B-splines of 
size distribution of the nano particles are shown in Figure  0.21, Figure  0.22, and 
Figure  0.21. The statistical results indicate that reaction time, reaction temperature and 
reactant ratio have had certain effects on the size of silver nano particles. Extending the 
reaction time from 1 hour to 2 hours has slightly increased the average size of silver 
NPs by 1 nm. However, no obvious further increase of the particle size was observed 
during the reaction for another hour (Figure  0.20). The concentration of silver ions has 
a distinct impact on the particle size. When the content of silver was 1 wt.%, the 
average size reached 11 nm with a broadened peak which suggests a heterogeneous size 
distribution. At 0.01 wt.% silver content, the average size was only 4.5 nm due to the 
low concentration of silver ion which limited the growth of the particles (Figure  0.21). 
By comparing composites VI, I and VII, their average size of particles was 5 nm, 6 nm 
and 8.5 nm respectively. It can therefore be concluded that the particle size increased 
with the increase of reaction temperature, indicating that the higher reaction 
temperature leads to fast growth of Ag NPs [137] (Figure  0.22). Moreover, according to 
the measuring results, the uniformity of the particle diameter, which can be inferred by 
the width of B-splines, is inversely proportional to the average particle size. 
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Figure  0.20 B-splines of size distribution of the silver NPs of composites I, II, and III 
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Figure  0.21 B-splines of size distribution of the silver NPs of composites V, III, and IV 
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Figure  0.22 B-splines of size distribution of the silver NPs of composites III, VI, and VII 
5.3.1.3	Thin	film	printing	and	characterisation	
5.3.1.3.1	Electric	conductivity	
The conductivity of thin films printed with pristine PEDOT:PSS, Inks A-G and a-g are 
measured and given in Figure  0.23, as well as the calculated weight percentage of silver 
in the dried films. Interestingly, the thin films printed with in situ synthesised Ag-
PEDOT:PSS composite inks (Inks A-G) were not enhanced as expected. However, 
reductions of conductivity are observed in thin films printed with A, B, C and F. The 
reaction between PEDOT:PSS and silver ion is predicted to be as follows [138]: 
PEDOT: PSS ൅ Agା ൅	eି ↔ PEDOT ൅ Ag: PSS                            (5.1) 
It can be deduced that the electrostatic interaction between PEDOT and PSS was 
inhibited by the formation of Ag NPs and Ag:PSS bonds [139]. Although the obtained 
Ag NPs increased the percolation of PEDOT-rich islands [128], which can potentially 
enhance the thin film conductivity, the inhibited bonds between PEDOT and PSS have 
a more pronounced opposite effect. These two concurrent processes had taken place 
simultaneously, leading to unpredictable results in conductivity of the deposited films. 
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Figure  0.23 Conductivity of thin film prepared by ink-jetting the pristine PEDOT:PSS, Inks A-G and a-g,  
and the average size of the Ag NPs in them. 
However, the conductivity of thin films printed with Inks a-d, f and g had been 
significantly enhanced. Without the reaction between PEDOT:PSS and silver ions, the 
enhancement was no longer hindered by the negative effect which occurred in Inks A-G. 
The content of silver has a significant influence on the degree of such enhancement. 
The conductivity of the thin films has been drastically improved, for instance, by 
adding 0.1 wt.% silver it can be 15-80 times higher than the films without addition of 
silver particles (48 kΩ/sq), the sheet measured resistance can reach approximately 
609~3400 Ω/sq. If more silver being added, the sheet conductivity can even be as 280 
times higher, e.g. 182 Ω/sq by adding 1 wt.% silver. No obvious change in conductivity 
has been observed for thin films printed with Inks E and e (0.01 wt.% silver), as the 
content of silver in them is too low to make any major effect on the thin film properties. 
By comparing thin films printed with Inks a, b, c, f and g, which have the same silver 
content, it can be concluded that the larger size of Ag NPs has had a more obvious 
improvement of conductivity. Similar conclusion has been reported in Rebeca G. 
Melendez et al.’s work [116]. The effect of particle size on the conductivity can be 
understood with the assistance of schematic illustration established based on the model 
Nardes proposed [93] (Figure  0.24). Compared with small Ag NPs, large Ag NPs are 
more easily to contact with more than one PEDOT islands simultaneously and thereby 
bridge the gap of insulating PSS between different PEDOT islands. Meanwhile larger 
contact surface area between PEDOT and the bridging Ag NPs (yellow area in 
Chapter 5 Inkjet Printing of PEDOT:PSS Thin Film and Optimisation 
- 96 - 
 
Figure  0.24) will be formed. As the work functions of silver and PEDOT:PSS are close 
to each other [140], more effective conducting networks can be obtained with large Ag 
NPs, leading to higher conductivity of the thin films. 
 
Figure  0.24 Schematic illustration of the proposed structure of the films formed by ink-jet printing of Ag NPs 
doped PEDOT:PSS 
5.3.1.3.2	Transparency	
The UV-Vis spectrum of thin films printed with pristine PEDOT:PSS, Inks E, C, D and 
c are shown in Figure  0.25. Thin films printed with Inks A, B, F and G are not listed in 
the figure as they have very similar curves with Ink C. Due to the low content of silver 
nitrate, the transmittance of thin film printed with Ink E (~94.7%, absorbance: 0.024) is 
close to pristine PEDOT:PSS (~95.1%). The average transmittances of thin films 
printed with Inks C, D, c are 82.5% (absorbance: 0.084), 74.5% (absorbance: 0.128) 
and 82.4%, respectively. Apparently, the absorbance of the films increases with the 
concentration of silver nanoparticles. As the weight percentage of silver in films printed 
with Inks E, C and D are 7%, 43% and 88%, a quasi linear relationship between the 
absorbance and silver content can be fit, which accords with Beer’s Law [141]. A 
formula is therefore deduced to roughly predict the average transmittance of the Ag-
PEDOT:PSS films: 
T% = 101.98-0.1273×x                                                     (5.2) 
Where T% is the average transmittance and x is the weight percentage of silver. It is 
noticed that, with the same content of Ag, thin films printed with Ink C and Ink c have 
slight difference in the shape of transmittance curves, where the absorbance near 400 
nm of thin film printed with Ink C is more significant. When doping with PSS, PEDOT 
is in its oxidized state which presents quasi-transparency; in the undoped state, PEDOT 
presents blue colour and therefore exhibits a higher absorbance in the blue light region 
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[142, 143]. Therefore the dedoping of PSS from PEDOT after the reaction between 
silver ion and PEDOT:PSS is confirmed. 
 
Figure  0.25 UV-Vis spectrum of thin films printed with pristine PEDOT:PSS, Inks E, C, D and c 
5.3.1.3.3	AFM	
The AFM height images of thin films printed with pristine PEDOT:PSS, Inks D and d 
are shown in Figure  0.26. The RMS (Root Mean Square) surface roughness of thin 
films printed with Inks D and d are 1.339 nm and 1.266 nm respectively, this was 
slightly higher than the roughness of the thin films of pristine PEDOT:PSS, which is 
0.817 nm. Nanometre-sized bumps can be observed in thin films printed with Inks D 
and d, which have been caused by the Ag NPs incorporated in the inks. Interestingly, 
the average bump size of thin film printed with Ink D is slightly larger than the one of 
Ink d. Considering the Ag NPs in these two thin films are identical, it can be deduced 
that the Ag NPs in thin films printed with Ink D were encapsulated with a layer of PSS-
rich polymer (according to the reaction) during the in situ synthesis, leading to larger 
size of bumps. However, in the preparation of Ink d, the encapsulating polymer was 
cleansed away and the subsequent ultrasonic dispersion process was not able to provide 
such firm adhesion between Ag NPs and the polymer. Therefore less amount of 
polymer was contained in the bumps of thin film printed with Ink d, resulting in smaller 
sized bumps. 
Pristine PEDOT:PSS 
Sample E (0.01g Ag) 
Sample C (0.1 g Ag) 
Sample D (1 g Ag) 
Sample c (0.081 g Ag) 
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Figure  0.26 AFM height images of thin films printed with pristine PEDOT:PSS (a), Ink D (b) and Ink d (c) 
with a vertical scale of 50 nm 
5.3.1.3.4	SEM	
The SEM images of thin films printed with pristine PEDOT:PSS and Ag-PEDOT:PSS 
are shown in Figure  0.27. Irregular shapes of islands are found on the surface of pristine 
PEDOT:PSS thin films. Such islands are reported in [106] as oxide inclusions formed 
by reaction between PEDOT:PSS and oxygen in the air. However, the oxide on the 
surface of Ag-PEDOT:PSS thin films are observed as dispersion of numerous 
particulates of tiny size but in a higher density. This may be attributed to the high 
surface free energy at the interface of PEDOT:PSS and silver, which leads to high 
tendency of oxidation reaction. Such refined dispersion of oxides are considered to be 
beneficial to the lifetime of devices in which the PEDOT:PSS thin film is integrated 
[106]. 
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Figure  0.27 SEM images of pristine PEDOT:PSS thin film (a) and Ag-PEDOT:PSS thin film (b) 
5.3.2	Effect	of	substrate	temperature	
When the PEDOT:PSS solution is doped with conductors, the solution becomes a 
mixture of a solid phase and a liquid phase. As a result the structure and properties of 
patterns prepared using the conductors doped PEDOT:PSS can be affected by the 
printing condition (e.g. substrate temperature) due to the coffee stain effect that may 
occur during the printing process. In this section, the effect of substrate temperature on 
the properties of thin films printed with Ag NPs doped PEDOT:PSS solution is 
investigated. 
5.3.2.1	Experimental	procedures	
To formulate the Ag NPs doped PEDOT:PSS ink, the 1.3 wt.% PEDOT:PSS solution 
was mixed with Sun Tronic silver ink (10 wt.%) using Misonix Sonicator 4000, at a 
mixing volume ratio of 9:1. The frequency and power of the sonicator are set as 22.5 
kHz and 14 W, respectively. The mixing time was 10 min, which is relatively short as a 
longer time may induce heat which may affect the properties of the mixture. Afterward, 
the mixture was filtered with a 5 µm Millex® syringe driven filter to eliminate large 
particles and agglomerations. The formulated ink was then deposited on the glass 
substrate using Microfab jetlab®4 inkjet system. Droplets with an average size of 60 
µm were generated by optimising their jetting waveform. The inks were printed onto 
prewashed 50 mm × 6 mm glass microscope slides, with a fixed dot spacing of 50 µm.  
5.3.2.2	Morphology	
The optical appearances of thin films with and without doping Ag NPs are presented in 
Figure  0.28. Figure  0.28 (a) and (b) are the films printed on substrate at a temperature 
(a) (b) 
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of 20 °C and (c) (d) are the films printed on the substrate which was preheated to 80 °C. 
As pristine PEDOT:PSS thin film is transparent, only defects on the glass can be 
observed from Figure  0.28 (a). However, numerous inclusions as groups of nano 
particles can be observed in the thin films printed with Ag NPs doped PEDOT:PSS ink, 
as shown in Figure  0.28(b). Considering Ag NPs are theoretically invisible under such 
magnification, the particles are believed to be agglomerations of Ag NPs formed after 
deposition. The outlines of the printed tracks are distinct in Figure  0.28 (c) and (d), due 
to the high drying rate of the deposited patterns caused by the high temperature of 
substrate. The surface profile of Ag-PEDOT:PSS films printed on substrates with 
different temperatures shown in Figure  0.29 indicates that the preheating of substrate 
can lead to coarse and roughening morphology of the printed film.  
 
Figure  0.28 Pristine PEDOT:PSS thin films printed on glass substrate preheated to 20°C (a) and 80°C (c), and 
Ag NP doped PEDOT:PSS thin films printed on glass substrate preheated to 20°C (b) and 80°C (d). 
(a) (b) 
 10 µm  10 µm 
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Figure  0.29 Surface profiles taken in the y direction of Ag-PEDOT:PSS thin film printed on substrates at 
different temperatures 
5.3.2.3	Electrical	conductivity	
5.3.2.3.1	Effect	of	substrate	temperature	
The conductivity of the thin films printed with pristine PEDOT:PSS and Ag-
PEDOT:PSS on substrates with different substrate temperatures are presented in 
Figure  0.30. Interestingly, for films printed with pristine PEDOT:PSS ink, the 
preheating of substrate has led to a significant reduction in film conductivity along both 
x and y directions, which is attributed to the poor morphology of the films caused by the 
high temperature substrates. However, preheating has a rather opposite effect on the 
film conductivity when the films were deposited using Ag-PEDOT:PSS ink. For the 
films printed on 20 °C substrate, the conductivity along the two directions is 17.3 S/cm 
and 18.2 S/cm, where no significant difference can be observed. However, the film 
printed on 80 °C substrate exhibited an anisotropic conductivity in x and y direction. 
The conductivity along printing direction (x axis) reaches 50.8 S/cm, which is nearly 3 
times higher than the film printed on 20 °C substrate. However, conductivity along the 
cross direction (y axis) is only slightly increased to 23.2 S/cm. This anisotropic nature 
of conductivity is caused by the inhomogeneous distribution of Ag NPs. Due to the 
coffee stain effect, an accumulation of Ag NPs occurred at the edge of each track when 
printed on preheated substrate, which led to the high conductivity along the printing 
direction. The anisotropic conductivity was only observed in this section. 
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Figure  0.30 Conductivity of thin films prepared with pristine and Ag NP doped PEDOT:PSS vs. preheating 
temperature 
5.3.2.3.2	Effect	of	final	baking	
Figure  0.31 shows the effect of post baking at 200 °C for 20 min on the conductivity of 
the deposited films. The conductivity of films printed with pristine PEDOT:PSS was 
not significantly affected by the baking. However, the conductivity of the thin films 
printed with Ag-PEDOT:PSS was almost reduced by half. This reduction is speculated 
to be attributed to the weakened connection between Ag NPs and PEDOT:PSS caused 
by the expansion and contraction during the baking process.  
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Figure  0.31 Conductivity of pristine PEDOT:PSS and Ag-PEDOT:PSS thin films after baking at 200 °C 
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5.4	Conclusion	
In this chapter, inkjet printing has been applied in the preparation of PEDOT:PSS thin 
films. PEDOT:PSS solutions modified by adding a co-solvent and doping with 
additional conductors have been utilised to form inkjettable inks and then successfully 
deposited thin films using the inkjet printer. Both categories of methods that can 
improve the electrical conductivity of PEDOT:PSS thin films have been proved to be 
applicable in the trials of inkjet printing. The effect of further thermal baking on the 
conductivity and transparency of the deposited films has also been investigated. 
In solvent annealing, the addition of glycerol not only makes the inks more suitable for 
jetting in terms of the change of viscosity, but also improves the conductivity of the 
films by over 300 times. The transmittance and surface evenness at macro scale of the 
PEDOT:PSS films can also be improved by solvent annealing. However, the surface 
roughness at micro scale has been slightly increased due to the doping of glycerol, 
which is primarily attributed to the aggregation of PEDOT-rich particles. Subsequent 
thermal annealing has been found to be able to further improve the conductivity of 
glycerol doped PEDOT:PSS thin films.  
The results of thermal annealing study show that the colour of the thin film becomes 
darker with the increase of baking temperature, due to the degradation of PEDOT and 
PSS. Although aggregation of PEDOT can be observed when the film was baked at 
225 °C, the aggregation has not led to increase in the conductivity of the films. In 
addition, the transmittance of the films decreases due to the degradation of PEDOT and 
PSS. If baking is conducted at or above 300 °C, which can easily damage the surface 
evenness and the conductivity of the thin films.  
Ag NPs have been synthesised by adopting silver nitrate as the precursor, which can be 
subsequently used to form inkjet inks for the enhancement of conductivity of inkjet-
printed PEDOT:PSS thin films. The size of the Ag NPs increases with the increase of 
reaction time, reaction temperature and concentration of silver ion in the synthesis of 
Ag NPs, which will ultimately govern the electrical properties of the thin films 
deposited by inkjet printing. The dedoping of PSS from PEDOT during the reaction 
between silver nitrate and PEDOT:PSS has appeared to be detrimental to the 
electrostatic interaction between PEDOT and PSS, leading to a reduction in the 
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conductivity of deposited Ag-PEDOT:PSS thin films. The thin film conductivity has 
been improved by dispersing the obtained Ag NPs into pristine PEDOT:PSS solution. 
Higher content or larger size of Ag NPs can more effectively improve the conductivity 
of the thin films. A mechanism is therefore proposed to provide an insight into the 
fundamental reasons that are responsible for the enhancement of conductivity of the 
thin films in the case of more and larger nanoparticles involved in the deposition of the 
thin films. The addition of Ag NPs has also caused definite reduction in the surface 
evenness and transparency of the composite thin films. Thin films deposited with in situ 
synthesised Ag-PEDOT:PSS inks exhibited higher absorbance in the blue light region 
due to the dedoping of PSS from PEDOT. 
Temperature of substrate on which the films were deposited is found to have a strong 
influence on the surface morphology of the printed films. The Ag-PEDOT:PSS thin 
films printed on preheated substrate exhibited anisotropic conductivity in the printing 
direction and cross direction. The conductivity of Ag-PEDOT:PSS thin films along the 
printing direction has been improved by three times when the temperature of the 
substrate increased from 20 °C to 80 °C, which is mainly attributed to the accumulation 
of Ag NPs caused by coffee stain effect. The addition of Ag NPs has also affected the 
formation of oxide on the surface of PEDOT:PSS thin films, they take the irregular 
shaped islands in the films and homogenously dispersed particles in the films without 
and with Ag NPs, respectively. The conductivity of Ag-PEDOT:PSS thin film was 
reduced by post baking at 200 °C. As expected, greater transmittance loss has been 
observed in the Ag-PEDOT:PSS thin films printed on the preheated substrate. 
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Chapter 6 Laser Assisted Inkjet Printing of Indium Tin Oxide 
 
In this chapter, laser assisted inkjet (LIJ) technology is for the first time applied in the 
printing of indium tin oxide (ITO) patterns. Metal organic decomposition (MOD) ITO 
ink and ITO nanoparticle ink are used in the printing trials of thin films and tracks. In 
the printing of thin films, the critical thicknesses that may induce cracks, as well as the 
electrical and optical properties of the printed films are investigated. In the printing of 
tracks, the position of laser radiation around the droplet depositing point is optimised to 
obtain uniform tracks with fine track width. The effect of laser power on the 
morphology of tracks and the subsequent influence on the conductivity are also studied 
respectively using two types of inks: MOD ITO ink and ITO nanoparticle ink. The 
experimental results indicate that the critical thickness causing the cracks in the printed 
tracks is larger than the one in the printed films; the fundamental reasons for this 
phenomenon are therefore discussed with the assistance of an established mathematical 
model. 
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6.1	Introduction	
6.1.1	Indium	tin	oxide	(ITO)	
Indium tin oxide (ITO, or tin-doped indium oxide) is a solid solution of indium (III) 
oxide (In2O3) and tin (IV) oxide (SnO2), typically consisting of 90% In2O3 and 10% 
SnO2 by weight [144]. It has been widely used in numerous applications such as touch 
panels, displays, OLED, sensors and photovoltaics due to the excellent electrical 
conductivity and optical transparency [145]. 
ITO patterns are commonly fabricated by physical vapour deposition (PVD) methods 
such as sputtering and thermal evaporation [146, 147]. However, these PVD methods 
are expensive since vacuum processing is often required. Another type of fabrication 
method is wet chemical deposition, implemented by either nanoparticle dispersion or 
sol-gel process, which has gained much attention in recent years. The inks applied in 
wet chemical deposition can be deposited by various printing processes (e.g. inkjet 
printing, spin coating, gravure printing). A summary of such printing work is given in 
Table 6.1. 
Table  0.1 Summary of research into preparation of ITO patterns using wet chemical deposition 
 Wt. % Particle size (nm) 
Sintering 
Temp. 
(°C) 
Film 
thickness 
(nm) 
Resistance 
(kΩ/sq) 
Trans. 
(%) 
Printing 
method Author 
1 30% <10 350-600 ~1000 2.19 78.6 inkjet Hong [30] 
2 20%* 10-20 130 100 0.8 85 spin Maksimenko [148] 
3 50% 20-30 120, 180 710 1.3-1.5  >80 gravure Heusing [149] 
4 30% ~25 450 750 202.7   86.66 inkjet Jeong [31] 
5 15% ~25 400 580 517   87 inkjet Hwang [32] 
6 10% precursor 600 220 0.11 >95 Spin inkjet Hoffmann [33] 
7 20% ~5.9 - 100 4.11 93 inkjet Hong [34] 
*with addition of PEDOT:PSS. 
 
Although wet chemical deposition is more convenient and less expensive, the 
conductivity of ITO films that can be achieved by wet chemical deposition is much 
lower than the conventional vacuum processes, normally by two to three orders in 
magnitude [150]. In addition, a subsequent sintering process at high temperature (> 
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200 °C) is essential for the wet chemical deposition, which limits the application of this 
method on polymer substrates. Therefore, organic additives (e.g. polyvinyl derivatives 
and PEDOT:PSS) [151-153] have been added into the ITO inks to enable sintering at 
low temperature. The ITO films have also been combined with the silver grids to 
achieve better conductivity [32]. 
6.1.2	Laser	assisted	inkjet	(LIJ)	process	
Laser assisted inkjet (LIJ) process is a method where the ink solvent is evaporated and 
dried very quickly by input of heat, through radiation of a focused laser beam on the 
droplet and the substrate while the droplet ejected from the inkjet head lands onto the 
glass substrate (Figure  0.1) [154]. Connecting tracks with high aspect ratio and 
improved adhesion have been achieved by LIJ process. In addition, the LIJ process 
makes it possible to deposit patterns on 3D such as uneven, stepped and rough-surface 
substrates. 
 
Figure  0.1 Schematic illustration of laser assisted inkjet process 
As a newly developed technology, LIJ has only been applied in the printing of silver 
inks [76, 154]. It has been demonstrated to be an effective method to improve the 
resolution of printed patterns through the experimental trials. Since high density 
interconnect (HDI) has become the major trend of electronic packaging, it is very 
imperative to expand the application of the LIJ process in the printing of more types of 
functional materials to enable printed patterns with high resolution. 
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6.2	Experimental	procedures	
Commercially available metal organic decomposition (MOD) ITO and ITO 
nanoparticle inks were adopted in the LIJ printing trials. The laser assisted inkjet 
system built in house at AIST was employed as the printing system. Both inks were 
modified with solvents to obtain better jettability in the course of ink formulation. The 
MOD ITO ink was mixed with tetradecane at a weight ratio of 9:1, while the ITO 
nanoparticle ink was mixed with toluene at a weight ratio of 1:4. The properties of the 
modified inks and the diameter and velocity of the stable droplets that can be achieved 
in the printing trials are listed in Table 6.2. 
Table  0.2 Properties of modified ITO inks and the diameter and velocity of the obtained droplets 
Raw material Modification solvent 
Ink properties
Droplets Wt. % of 
solute 
Surface 
tension 
(dynes/cm) 
Viscosity 
(cps) 
MOD ITO ink 
(5 wt.%) Tetradecane 4.5 24 
1.9  120 μm, 1.7 m/s  80 μm, 2.25 m/s 
ITO nanoparticle ink 
(20 wt.%) Toluene 4.0 26 
2.0  110 μm, 1.5 m/s  70 μm, 2.5 m/s 
 
The inkjet printing was carried out to deposit thin films and tracks on the glass substrate. 
In printing of films, the diameters of the droplets of the two inks were adjusted to 120 
µm and 110 µm respectively. 10 mm × 10 mm sized films were printed on glass 
substrate for each ink, with dot matrix (number of droplets in row × number of droplets 
in column) of 250 × 20, 250 × 25, 250 × 33, 250 × 50, and 250 × 100. The amount of 
material per unit area that were deposited can thereby be calculated, which is 45.2 
nL/mm2, 56.5 nL/mm2, 74.6 nL/mm2, 113 nL/mm2, and 226 nL/mm2 for MOD ITO ink, 
and 34.8 nL/mm2, 43.5 nL/mm2, 57.4 nL/mm2, 87 nL/mm2, and 174 nL/mm2 for ITO 
nanoparticle ink. In track printing, CO2 laser was induced to assist the printing process. 
The printing frequency and speed were set as 100 Hz and 5 mm/s, respectively. The 
locations of laser radiation were optimised to achieve fine ITO tracks with good 
morphology, using the MOD ITO ink only. Then the effect of laser power on the 
morphology and conductivity of the printed patterns were also investigated using both 
MOD ITO and ITO nanoparticle inks. The patterns printed with the two ITO inks were 
then baked under their specific required sintering conditions (given in Section 3.2.1). 
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6.3	ITO	thin	film	printing	
6.3.1	Morphology	
The relationship between thickness and deposited amount of ink per unit area of the 
films printed with MOD ITO ink and ITO nanoparticle ink is shown in Figure  0.2. The 
black dots are the results measured from experimental trials, and the red lines are 
derived from the theoretical value calculated based on the volume of deposited ink. It 
can be concluded that the test results are in good agreement with the theoretical value 
when the film is thinner than 100 nm. However, when the film is thicker than 100 nm, 
the results from the measurements are smaller than the theoretical value and the 
differences between them increase with the increase of film thickness. This is primarily 
due to the coffee stain effect which led to the enrichment of material at the edge of the 
films during the drying process. 
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Figure  0.2 Thickness vs. deposited amount of ink per unit area of the films printed with MOD ITO ink and 
ITO nanoparticle ink 
According to the optical observation, the initial cracks in both films printed with MOD 
ITO ink (Figure  0.3 (a)) and ITO nanoparticle ink (Figure  0.3 (b)) start as the printing 
dot matrix increased to 250 × 50. It has been found that the internal stress in the thin 
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film was induced by sintering process which may subsequently lead to cracks. The 
internal stress increases with the increase of film thickness, therefore a critical thickness 
that may cause a significant internal stress thus cracking has been determined to 
describe the value of thickness of the film that may not result in any cracks in the films 
[155]. Cracking is usually not initiated below this critical value of thickness even for 
layers of hard particles. In this work, it has been possible to determine the critical 
thickness which is ~60 nm for MOD ITO ink and ~140 nm for ITO nanoparticle ink. 
 
Figure  0.3 Cracks on the films printed with MOD ITO ink (a) and ITO nanoparticle ink (b) 
The height image and phase image (500 nm × 500 nm) of ITO films printed with MOD 
ITO ink have been obtained from AFM testing, as given in Figure  0.4. It can be 
concluded that the films are composed of nano-sized grains after the decomposition. 
However, the size of the grains is significantly affected by the thickness of the films, 
the thicker films the larger grains.  
200 µm 200 µm 
(a) (b) 
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Figure  0.4 Height image ((a) and (c)) and phase image ((b) and (d)) of ITO films printed with MOD ITO ink 
under dot matrix of 250×20 ((a) and (b)) and 250×100 ((c) and (d)) 
Interestingly, the microstructure of films printed with ITO nanoparticle ink (Figure  0.5) 
is very different from the one printed with MOD ITO ink. Firstly, the size of the grains 
in the films printed with ITO nanoparticle ink is larger than that with MOD ITO ink, 
probably due to the high sintering temperature (550 °C). Secondly, the grain size seems 
to be independent of the thickness of the films.  
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Figure  0.5 Height image ((a) and (c)) and phase image ((b) and (d)) of ITO films printed with ITO 
nanoparticle ink under dot matrix of 250×20 ((a) and (b)) and 250×100 ((c) and (d)) 
6.3.2	Conductivity	
The sheet resistances of the films printed with MOD ITO ink and ITO nanoparticle ink 
under different printing dot matrix are shown in Figure  0.6. Theoretically, the sheet 
resistance is inversely proportional to the film thickness. However, this relationship is 
not observed in the films printed with MOD ITO ink. Benoy et al. [156] suggested that 
unstable conductivity of ITO films can be caused by the discontinuous nature of the 
film when the thickness of the film is less than 150 nm, which may explain the 
unpredictable conductivity of ITO films printed with MOD ITO ink in this study. When 
the thickness increased to 100 nm, an obvious rise can be found in the sheet resistance 
which is most likely caused by the cracks. The sheet resistance of the films printed with 
ITO nanoparticle ink decreases with the increase of film thickness as expected until 
crack occurs under the thickness of 140 nm. The large deviation of measuring results at 
thickness of 140 nm indicates that cracks have led to heterogeneous conductivity of the 
ITO films.   
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Figure  0.6 Sheet resistance of the films printed with MOD ITO ink and ITO nanoparticle ink at different 
thicknesses 
6.3.3	Transmittance	
The optical transmittance of glass substrate and ITO films printed at a dot matrix of 
250×33 are shown in Figure  0.7. The average transmittance (wavelength between 380 
nm and 800 nm) of ITO films printed with MOD ITO ink and ITO nanoparticle ink are 
~85.9% and ~87.3%, respectively, which are comparable to the ITO thin films 
fabricated with conventional vacuum process [157]. 
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Figure  0.7 Transmittance of glass substrate and ITO films 
6.4	ITO	track	printing	
In the printing of ITO tracks, the CO2 laser was introduced to locally preheat the 
substrate. The high temperature of the substrate can accelerate the evaporation speed of 
the solvents in droplets and consequently suppress the spreading of droplets on 
substrate to form fine tracks. As the morphology of the tracks can be significantly 
affected by the distribution of temperature on the substrate, the effects of laser position 
and laser power which determine the distribution of temperature were investigated. 
6.4.1	Effect	of	laser	position	
The effect of laser position of radiation on the morphology of printed tracks has been 
studied by applying laser at one of the eight spots A-H (yellow areas in Figure  0.8) 
individually. Seven spots A-G are located along the printing trail with an equal distance 
of 10 µm between every two adjacent spots, while the spot D coincides with the landing 
position of droplets. Another spot H is at one side of the printing trail with a 
perpendicular distance of 300 µm from the printing trail.  
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Figure  0.8 Position of laser radiations (yellow dots) in the inkjet printing and the corresponding top view of 
the obtained tracks 
According to the top view images obtained from the optical microscope, the 
morphology of tracks printed with LIJ is significantly influenced by the position of 
laser radiation. Without the assistance of the laser, a continuous track with a width 
close to 500 µm was obtained.   
When the laser was applied at the position of A and B, the tracks were firstly printed on 
the substrate and then scanned by the laser beam. Although the tracks have been 
narrowed down in some degree as a result of the laser heating, the edge of the tracks 
was irregular due to the spreading of the droplets. In addition, according to the cross 
sectional profile obtained through Zygo surface profiling, as shown in Figure  0.9, the 
application of laser has induced displacement of the inks before drying fully, this has 
resulted in a local enrichment of ink material at the edges of the track, e.g. when laser 
positions to point A, as well as a deviation, thus an uneven deposited track when laser 
radiates at point B. It is also noticed that some small bumps on the substrate can be 
formed within the tracks predominantly due to the laser localised heating (Figure  0.9, A, 
B, and C), which is believed to be the deformation of the substrate caused by the 
radiation of laser. 
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Figure  0.9 Cross sectional profile of tracks printed with laser applied at A, B, C and without laser 
When the laser was applied very close to the landing position of droplet (position C-E), 
only randomly distributed dots can be observed, which indicates a failure of forming 
continuous tracks and one possible explanation can be the Marangoni effect described 
in Figure  0.10. When the substrate is irradiated by laser, a temperature gradient can be 
generated on the surface of substrate. As the surface energy can be affected by 
temperature, which has been explained in Section 4.3.2.2, a gradient of interfacial 
tension between the solid surface and the vapour (ΓSG) is consequently formed. When 
the laser radiation is very close to the landing position of droplet, the gradient of ΓSG in 
the cross section becomes big enough to cause fragments of the droplets into many 
small satellites and draw them alongside to the sides of the tracks, as observed in the 
experimental trials when laser was applied at position C-E. Another possible 
explanation is that when the droplets land on the substrate, the high temperature of the 
substrate causes intense evaporation of the solvent inside the droplet and creates steam 
explosion, resulting in fragments. 
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Figure  0.10 Schematic illustration of Marangoni effect 
When laser was applied at point F and G, both the top view and the cross section 
profiles (Figure  0.11) have been found to be improved. The spreading of the ink has 
been efficiently suppressed, resulting in reduced track width and smoother track edges. 
The track with the optimal morphology was obtained when the laser radiation was 
applied at position F, where a track width of approximately 200 µm has been achieved. 
Therefore the optimum position of the laser is 20 µm ahead of the landing position of 
droplet in this study. This is very much associated with the local pre-heating through 
laser radiation prior to the disposition of ink droplets. 
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Figure  0.11 Cross sectional profile of tracks printed with laser applied at D, E, F, and G 
When the laser radiates along the side of landing point of droplet (position H in 
Figure  0.8), by comparing with the cross sectional profile of the track obtained 
(Figure  0.12), the track exhibited an extremely uneven surface. By doing so, a pattern 
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with high aspect ratio can be formed due to the rapid evaporation of the solvent along 
the side (near position H) where the laser radiation is more effective. However, the 
substrate temperature in the other side was not high enough to induce rapid evaporation, 
but still can cause an increase of surface energy on the substrate, resulting in a large 
area of spreading of the ink (Figure  0.12).  
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Figure  0.12 Cross sectional profile of track printed with laser radiation applied at point H 
6.4.2	Effect	of	laser	power	
As the formulation of MOD ITO ink and ITO nanoparticle ink are different, the laser 
may influence the deposition of tracks in different ways, therefore, the effects of laser 
power on the deposition of the two inks through ink-jet printing were investigated 
separately. The laser was applied in the optimal position determined in the previous 
section. 
6.4.2.1	MOD	ITO	ink	
6.4.2.1.1	Morphology	
The optical top view of the ITO tracks printed with LIJ under different laser power is 
given in Figure  0.13. Combined with the measured results of track width (Figure  0.14), 
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it can be concluded that the irradiation of laser is efficient in reducing track width. 
Without the assistance of laser, the track width can reach 250 µm, in comparison with 
the track of 100 µm when a 0.8 W laser radiation was applied. When the laser power 
was lower than 0.8 W, the track width decreased gradually with the increase of laser 
power. Relatively smooth track edge can be achieved as a result of the laser treatment. 
However, further increase of the laser power (> 0.8 W) led to very limited reduction in 
the track width, instead it has resulted in poorer morphology with irregular track edges. 
This is attributed to the more intense vaporization caused by the high temperature of the 
substrate when such high power laser was applied. The formation of the track was 
affected by the vaporization, leading to tortuous edge, in particular for the laser power 
of 1.7 W (Figure  0.13).  
 
Figure  0.13 Optical top view of ITO tracks printed with MOD ITO ink under different laser powers 
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Figure  0.14 Width of tracks printed with MOD ITO ink vs. laser power 
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In general, preheating of substrate leads to more obvious coffee ring effect, as the high 
temperature speeds up the evaporation of solvent near the contact line, resulting in a 
greater transfer of solute to its edge [94], as observed in Section 4.3.2. However, in the 
printing of MOD ITO track, the coffee ring effect was diminished when the laser power 
of 1.1 W was utilised (Figure  0.15). This is attributed to Marangoni flow generated by 
the temperature gradient at the interface between droplet and air, which has reversed 
the coffee ring effect, thereby brought the solute to the centre of the droplet rather than 
spreading them toward the edge of tracks [158, 159].   
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Figure  0.15 Cross sectional profile of ITO tracks printed with MOD ITO ink under different laser power 
6.4.2.1.2	Conductivity	
The conductivity of the ITO tracks printed with MOD ITO ink is given in Figure  0.16. 
It can be found that the conductivity of the tracks was not significantly affected by the 
morphology change when the power of the applied laser was lower than 1.1 W. 
However, as the size of grains in the ITO film printed with MOD ITO ink increases 
with the increase of film thickness (Figure  0.4), a lower density of grain boundaries as 
predicted may behave as traps for free carriers and barriers for carrier transport in the 
film as expected in thicker films [160-162]. Therefore, the conductivity of ITO tracks 
should increase with the increase of thickness. The cause of this contradiction between 
theoretical interpretation and experiment results requires further investigation and 
testing on the structure of materials that compose the ITO film. When the laser power 
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was higher than 1.1 W, the morphology of the tracks were no longer homogeneous 
along the printing direction, leading to lower conductivity and larger deviation of the 
testing results.  
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Figure  0.16 Conductivity measurements of tracks printed with MOD ITO ink vs. laser power 
6.4.2.2	ITO	nanoparticle	ink	
6.4.2.2.1	Morphology	
The morphology of the tracks printed with ITO nanoparticle inks has been improved by 
the assistance of laser as shown in Figure  0.17. However, compared with MOD ITO ink, 
the track width of ITO nanoparticle ink is more sensitive to the variation of laser power. 
A sudden drop from 450 µm to 150 µm in track width of the printed with ITO 
nanoparticle ink was observed when the laser power increased from 0.5 W to 0.6 W 
(Figure  0.18). This is attributed to the low boiling point of the solvent in ITO 
nanoparticle ink, which is very sensitive to the heat applied from laser. The region of 
overlap is easy to be distinguished in the tracks printed with the assistance of laser, 
indicating the rapid evaporation of solvent. Similar with MOD ITO ink, when the laser 
power is higher than a certain value, 0.6 W for this case, the track width almost stays 
unchanged. According to Section 2.1.4.3, the feature size of inkjet printing is 
determined by the impacting period and spreading period of projected ink droplets. 
Since the spreading of the droplets can be suppressed by the preheating of the substrate, 
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the feature size of patterns printed with LIJ is mainly determined by the impacting 
period. However, when the applied laser power is higher than 1 W, cracks were induced 
on the track. 
 
Figure  0.17 Optical top view of ITO tracks printed with ITO nanoparticle ink under different laser power 
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Figure  0.18 Width of tracks printed with ITO nanoparticle ink vs. laser power 
The cross sectional profile of tracks printed with ITO nanoparticle ink is shown in 
Figure  0.19. Coffee ring effect has also been observed due to the applied laser. For the 
tracks printed with 1 W laser, two pairs of ring edges can be observed according to the 
view of the cross section which was primarily induced from two sets of droplets. The 
first droplet dried before the landing of the second droplet due to a time delay, and the 
500 µm 
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former has formed the outer edges, a lower coffee ring, followed by the latter droplet 
partially landed on the first droplet and formed the inner edges, a higher coffee ring. 
The bulge in the centre part of track indicates the Marangoni flow under such high 
substrate temperature. 
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Figure  0.19 Cross sectional profile of ITO tracks printed with ITO nanoparticle ink under different laser 
power 
6.4.2.2.2	Conductivity	
The measured conductivity of the tracks printed with ITO nanoparticle ink in relation to 
CO2 laser power applied is shown in Figure  0.20. The results indicate that the 
conductivity is significantly affected by the morphology of the tracks (Figure  0.17), 
which can be altered by the applied laser power. Without the irradiation of laser, the 
poor morphology of the printed track results in a relatively low conductivity as seen in 
Figure  0.20. When a power of 0.5 W laser was applied, the two edges of printed track 
became more regular or smoother, however a heterogeneous cross section profile along 
the printing direction has been induced due to the fast drying of solvents. Therefore, the 
conductivity is measured even lower than the one of track printed without laser. When 
the laser power is between 0.6~0.8 W, tracks with a uniform profile and morphology 
with a high aspect ratio have been achieved, which exhibited higher and more stable 
conductivity than the tracks produced with the lower power of laser. A further increase 
of laser power has led to reduced conductivity, which is likely to attribute to the 
initiation and propagation of cracks in the sintering process of the deposited inks. 
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Figure  0.20 Conductivity of tracks printed with ITO nanoparticle ink vs. laser power 
6.4.3	Critical	thickness	of	track	
It is interesting to observe that the critical thickness of tracks is larger than the one of 
thin films which has been identified previously (Section 6.3.1). For the thin films that 
were printed with MOD ITO or ITO nanoparticle ink, the critical thicknesses are found 
to be ~60 nm and ~140 nm, respectively. However, no cracks were visible in the 
printed tracks of 130 nm thick with MOD ITO ink, and it is even thicker up to 
approximate 500 nm in the tracks printed with ITO nanoparticle ink. To interpret such a 
finding and the difference of critical thickness between printed thin films and tracks, a 
mathematical model which can describe the internal stresses in tracks and films are 
established to simulate the mechanics and mechanical behaviour of the thin films or 
tracks. 
In this study, the growth of cracks was observed during the sintering process. Sintering 
is the process through which a porous powder compact is to transform into a denser 
material with the application of heat. In the solidification stage the powder particles in 
the body of a mixture of solvent and various chemicals fuse together to form a denser 
solid structure. During the sintering process, the neck curvature produces a chemical 
potential gradient which causes material to flow from the grain boundary to the neck 
[163]. The reduction of the free energy of the system by the replacement of solid-
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vapour interfaces with solid-solid interfaces generates a sintering driving force which 
causes the material to shrink [164]. Under a free sintering condition, the total volume of 
the material will decrease and the internal stresses will be released, as shown in 
Figure  0.21 (b). However, if the material is constrained to the surface of a rigid 
substrate Figure  0.21 (c), the stress remains and may lead to cracks or fractures in the 
structure, which explains the fundamentals of the cracking in the structures deposited 
by inkjet printing. 
 
Figure  0.21 Schematic illustration of microstructures of initial ink material deposited (a), sintered under a 
free flow condition (b), and sintered under a constrained condition (c) [165] 
According to the SEM image of initial cracks on the film printed with MOD ITO ink 
(Figure  0.22), the growth of cracks were accompanied by the separation of two adjacent 
ITO particles as well as interface debonding between the ITO particle and substrate. As 
illustrated in Figure  0.23, the interface between adjacent ITO particles mainly bears the 
pulling force along the horizontal directions which can be decomposed as Fx and Fy, 
while at the interface between ITO particle and substrate there exists a pulling force Fz. 
In this study the ITO film was constrained on the substrate during the sintering process, 
thus the shear force between the ITO particle and substrate is not considered. 
(a) Initial (b) Free (c) Constrained 
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Figure  0.22 SEM image of initial cracks on ITO thin film 
 
Figure  0.23 Schematic drawing of pulling forces between particles and at the interfaces  
The pulling force on a specific interface is the results of accumulation of the applied 
force of every single point of the material matrix. If we set the coordinate of the 
interface to (0, 0, 0), the pulling force from a point (x, y, z) can be described as F(x, y, z). 
Due to the elastic deformation of the particles, the value of F(x, y, z) decreases as the 
increase of the distance between this specific interface and the point. The pulling force 
can be deconvoluted into forces in three directions, Fx, Fy, and Fz, as shown in 
Figure  0.24. 
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Figure  0.24 Schematic drawing of force F(x,y,z) exerted in the ITO track and film due to sintering 
On the interface between particles, the equilibrium equation is: 
ߪ௫,௬ ൌ ிೣ ,೤ଶగ௥೛మ ൌ ܾ௣                                                    (6.1) 
where rp is the diameter of contact area of two particles, and bp represents the effective 
body force [166]. When σx,y > bp, the sintering neck between two particles breaks. For 
an infinite thin film, the stresses along the x direction and y direction are equal, 
therefore: 
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ߪ௙௫ ൌ ߪ௙௬                                                          (6.4) 
Considering the thickness of thin film is very small when compared to the area of thin 
film coverage, the pulling force from layers at the different heights can be 
approximately regarded as identical. Therefore the critical thickness for the fracture for 
thin film tfcb is: 
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For a track with a width of d, the stresses along x direction and y direction are different 
due to the asymmetric geometry. In addition, certain shrinkage along the x direction is 
allowed at the top section of the track. This deformation can release an internal force Fd. 
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Therefore cracks tend to occur along the x direction, and the critical thickness of 
fracture for track ttcb is: 
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In a similar way, at the interface between particle and substrate, the equilibrium 
equation is: 
   ߪ௭ ൌ ி೥ଶగ௥ೞమ ൌ ܾ௦                                                      (6.13) 
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Where rs is the diameter of contact area between particle and substrate, and bs 
represents the combination force. When σz > bs, the particle debonds from the substrate. 
Assuming the critical thickness of debonding for thin film and track are tfcd and ttcd, 
respectively, then: 
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As ܨሺݔ, ݕ, ݖሻ ൐ 0,  
ݐ௧௖ௗ ൐ ݐ௙௖ௗ                                                         (6.15) 
In summary, both the critical thicknesses for cracking between particles and debonding 
from substrates of tracks are higher than the ones of films. This explains the 
experimental results that the tracks can achieve higher thickness without inducing 
cracks. Moreover, the ttcb and ttcd are inversely proportional to the track width d, which 
means thicker crack-free tracks can be obtained by reducing the track width. As LIJ 
printing is an effective way to reduce the track width, thick ITO patterns can thereby be 
achieved through such an innovative approach. 
6.5	Conclusion	
ITO thin films are firstly deposited via inkjet technology using both MOD ITO ink and 
ITO nanoparticle ink. The thickness of the thin films is found to be thinner than the 
theoretical value when the printed films are thicker than 100 nm, primarily due to the 
coffee stain effect. The critical thickness with respect to the emerging of cracks in the 
deposited structures is identified to be ~60 nm for the printed thin films with MOD ITO 
ink, and ~140 nm when using ITO nanoparticle ink. The generation of crack decreases 
the conductivity of the thin films as well as the morphology of the printed structures. 
The average transmittance of ITO films printed with MOD ITO ink and ITO 
nanoparticle ink were determined and they are ~85.9% and ~87.3%, respectively, 
which are comparable to the ITO thin films fabricated through conventional vacuum 
process. 
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In the printing of tracks, laser is applied during the inkjet process which can allow 
producing fine patterns. The optimal position of laser radiation is found to be 20 µm 
ahead of the landing position of the inkjetted droplet. Laser power also has a significant 
impact on the morphology of printed tracks. With optimum set of a value of laser 
power, the track width can be reduced by 3/5 with MOD ITO ink and 2/3 with ITO 
nanoparticle ink in comparison with non-laser assistance. The conductivity of tracks 
printed with MOD ITO ink is not influenced by the laser treatments. However, for 
tracks printed with ITO nanoparticle ink, the improved conductivity can only be 
achieved through the reinforcement of morphology as well as a high aspect ratio.  
It is also found that the critical thickness of tracks without inducing any cracks in the 
deposited structures is greater than the one for the printed thin films. No cracks were 
observed in the track thinner than 130 nm printed with MOD ITO ink, and it can reach 
500 nm thick track printed with ITO nanoparticle ink without cracking. Hence a model 
to simulate the internal stresses in tracks and films are established and mathematically 
analysed. The model suggests LIJ printing can be an effective way in fabricating thick 
ITO patterns with a high aspect ratio. 
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Chapter 7 Self-assembly Synthesis of Silver Thin Film via Inkjet 
Printing 
 
In this chapter, a novel process which is able to fabricate transparent and conductive 
silver thin film is developed. This process utilises a unique approach to integration of 
conductive silver networks using a layer of precursor materials which can be pre-
deposited on the substrate, instead of the conventional one-by-one printed silver grids. 
Inkjet printing is employed to print the precursor layer as it can precisely control the 
volume of deposited materials and directly print the designed patterns. The printed 
layer is then cured to enable in-situ synthesis of a thin film of silver on the substrate. 
The experimental results from this study have demonstrated that the microstructure of 
such thin films is determined by the amount of ink materials deposited; as such 
conductive transparent silver thin film can be produced under sufficient printing 
resolution.  
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7.1	Introduction	
Metal grids are considered to be an alternative transparent conducting pattern which 
may replace ITO as the electrode in photovoltaic devices. Metals are good conductors, 
while the gaps or spaces between the grids can provide sufficient transparency to allow 
the light transmission as shown in Figure  0.1. It is particularly attractive that the metal 
grids are compatible with flexible substrates if the patterns may be deposited onto such 
flex materials. 
 
Figure  0.1 Fine metal grids with a track width of 5 µm [167] 
Metal grids have been fabricated by using numerous printing methods, e. g. screen 
printing, imprint, flexographic and inkjet printing [168][169][170]. Nano-scale tracks 
can also be achieved in the metal grids prepared using nano imprint, which helps to 
enable high transparency of the metal grids [17]. However, the procedures of imprint 
are complicated and the cost is extremely high. In contrast, screen printing and inkjet 
printing are relatively simple and cost-effective, but the patterns printed with these two 
processes cannot achieve as high resolution as imprint. The track width in the metal 
grids prepared using screen printing is often larger than 100 µm [171, 172], and 
normally ranges from 60 to 200 µm using inkjet printing [37, 173, 174]. One exception 
is reported by Conductive Inkjet Technology [175] which has fabricated a silver grid 
composed of 5 µm wide tracks, with an effective conductivity of 2 Ω/square and an 
optical transmission of 95%. 
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In the conventional inkjet printing of forming metal grids, the inks containing metal 
nanoparticles are usually deposited onto substrate surfaces through multiple intersected 
tracks perpendicularly arranged. The track width is strictly limited by the size of jetted 
droplets and the interaction between the droplets and the substrate, thereby it is 
extremely challenging to reduce the size of the grids due to the restricted limit of the 
resolution of the prints. In this study, we have developed a novel method to fabricate 
silver grids by inkjet printing a precursor layer which is then cured to form silver films 
with extremely refined microstructure of nano-scale patterns. The silver films that were 
obtained are composed of 10 µm wide tracks, and the density of the tracks can be 
altered by changing the printing parameters. Silver nitrate and glycerol were added as 
the main components of the precursor material, as they have been demonstrated to be 
suitable for the synthesis of silver nanoparticles [176-178]. 
7.2	Experimental	procedures	
7.2.1	Ink	formulation	
To formulate the precursor ink used in this work, silver nitrate and glycerol were firstly 
dissolved in deionized water to form a composite solution. The weight ratio of silver 
nitrate, glycerol and deionized water was 1:1:100. SDBS and JC-601 have been added 
into two separate sets of composite solution to serve as surfactants. The pristine 
composite solution, SDBS doped composite solution and JC-601 doped composite 
solution were stood for 24 hours to investigate the effect of the surfactants on the 
reaction between silver nitrate and glycerol, and the appearances of the solutions before 
and after standing are shown in Figure  0.2. All the three composite solutions appeared 
to be transparent right after formulating. After standing for 24 hours, black deposits 
could be observed at the bottom of the container for the pristine composite solution, 
which indicates the occurrence of reaction. The colour change of the solutions with 
surfactants (Figure  0.2 (e) and Figure  0.2 (f)) suggested that the reaction between silver 
nitrate and glycerol could be affected by the addition of SDBS and JC-601. It can be 
further concluded that SDBS can more effectively facilitate the formation of silver 
nanoparticles, as a darker colour of the solution has been incurred. However, the 
reaction is supposed to commence after the solution is deposited on substrate. In 
contrast with SDBS, JC-601 is more beneficial for the stability of the composite 
solution, therefore was adopted as the surfactant at a concentration of 0.05 wt.%. In 
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addition, 5 wt.% ethanol was added into the solution to adjust the surface tension of the 
solution to 38 dynes/cm. The mixture was blended using an ultrasonicator for 5 min to 
form a bubble-free homogenous ink which is readily for jetting. 
 
Figure  0.2 Appearances of pristine composite solution (a) (d), SDBS doped composite solution (b) (e) and JC-
601 doped composite solution (c) (f) right after formulating (a) (b) (c) and 24 hours after formulating (d) (e) (f) 
7.2.2	Thin	film	deposition	
IIA-1501 inkjet printer supplied by Fanjet electronic technology co., Ltd was utilised 
for the deposition. Droplets with a diameter of 50 µm were obtained using the ink 
prepared in Section 7.2.1 and the dot array printed is shown in Figure  0.3. The diameter 
of the dots ranges from 150 to 180 µm. 10 mm × 10 mm square films were printed on 
prewashed glass substrates at the resolution of 300 × 300, 600 × 600, 900 × 900 and 
1200 × 1200 dpi (dot per inch, equivalent to 140, 560, 1260 and 2240 dots/mm2), which 
enables different volumes of ink material per unit area to be deposited. The 
corresponding weight of silver per unit area is 56.7 mg/m2, 113.5 mg/m2, 170.2 mg/m2, 
and 226.9 mg/m2. The printed films were then baked at 150 °C for 1 hour to accelerate 
the reduction reaction between silver nitrate and glycerol [176]; this can also allow the 
excess glycerol and some of the resultants to be evaporated. After baking, optical 
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microscope and SEM were employed to observe the structure of the obtained films. The 
electric and optical properties of the films were also characterised. 
 
Figure  0.3 Dot array printed with self-developed ink 
7.3	Effect	of	printing	resolution	
7.3.1	Morphology	
The images obtained from the optical microscope in Figure  0.4 revealed that the thin 
films contain interconnected networks consisting of numerous dendritic micro-branches 
(i.e. the arms of dendrites,) with varying density and width, which are clearly associated 
with the volume of deposited material under the different printing resolutions. It is 
interesting to observe the 60 ° intersection angle between the stem and individual 
branches [179] (i.e. arms). At the printing resolution of 300 × 300 dpi (Figure  0.4(a)), 
the branches are randomly arranged and disordered with some significant spacing 
between dendritic arms. At the 600 × 600 dpi printing resolution (Figure  0.4(b)), the 
increased amount of precursors enabled further growth of the branches, resulting in a 
well-organized and homogenous dendritic structure with varying spaces between 
branches. Further increase of the printing resolution led to a denser packing of branches 
in the saturated dendritic structure, but the spaces between branches have drastically 
reduced (Figure  0.4(c)), and as can be seen, the complete coverage of substrate surfaces 
by the very refined densely packed networks has taken place when using 1200 × 1200 
dpi printing resolution (Figure  0.4(d)). 
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Figure  0.4 Optical observation of thin films printed under resolutions of 300 × 300 (a), 600 × 600 (b), 900 × 900 
(c) and 1200 × 1200 (d) dpi after baking under 150 °C for 1 hour 
According to the SEM image of top view (given in Figure  0.5 (a)) and cross section 
(given in Figure  0.5 (b)) of the deposited films, the branches are composed of nano-
scale silver grains, with the majority of them being smaller than 300 nm. After baking 
at 150 °C for 1 hour, sintering necks can be observed between the nano grains. The 
formation of such unique silver dendritic structure can be explained through the 
following steps, with the assistance of schematic illustration given in Figure  0.6. 
1) With the increase of temperature, numerous silver crystal nuclei formed (Figure  0.6 
(a)) through the oxidation reduction reaction in the composite ink as following: [180]  
CH2OH-CH(OH)-CH2OH → CH2OH-CH(OH)-CHO + H2, 
CH2OH-CH(OH)-CH2OH → CH2OH-CO-CH2OH + H2, 
CH2OH-CH(OH)-CHO + 2AgOH → 2 Ag + H2O + 2CH2OH-CH(OH)-COOH, 
CH2OH-CH(OH)-CHO + 2AgOH → 2 Ag + CH2OH-CO-COOH + H2O + H2. 
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2) The crystal nucleus grew and became numerous grains (Figure  0.6 (b)). The grains 
could migrate freely in the solution as a result of Brownian motion due to their small 
size, and collisions between different grains occurred. When the grains made contact in 
a parallel lattice orientation, which could lead to the reduction of total energy, metallic 
bonds between atoms were formed so as to achieve a full coordination. Therefore, the 
silver grains spontaneously aggregated along crystallographically special directions. 
This oriented attachment-based aggregation has also been described in Banfield et al. 
and Lu et al.’s study [181, 182]. As the silver grains formed in this study have a 
hexagonal structure as observed in Figure  0.5, a hierarchical dendritic pattern was 
obtained (Figure  0.6 (c)). 
3) Silver grains were continuously formed and precipitated following the previous 
pattern until silver nitrate was completely consumed. Sintering necks were formed 
between attached silver grains under such temperature, and an effectively connected 
network was thereby obtained (Figure  0.6 (d)). 
4) The remaining glycerol and the volatile resultants were evaporated. The network 
composed of silver dendritic pattern remained on the glass substrate (Figure  0.6 (e)). 
 
Figure  0.5 SEM images of top view (a) and cross section profile (b) of the thin films 
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Figure  0.6 Schematic illustration of the in-situ formation of silver grids 
7.3.2	Conductivity	
The measured sheet resistance of the printed thin films is presented in Figure  0.7. A 
significant reduction of resistivity was observed when the printing resolution increased 
from 300 × 300 dpi to 600 × 600 dpi. According to the microscopic image of the 
printed thin film at the resolution of 300 × 300 dpi (Figure  0.4(a)), most of the branches 
  
        
  
Substrate 
Composite ink 
Silver 
       (a) Nucleation               (b) Growth and assembly 
     (c) Further growth              (d) Reaction complete 
          (e) Drying          
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or arms in the silver networks were disconnected and away from the main branches, 
which has resulted in a very low conductivity of the printed thin films. However, most 
of the branches at the 600 × 600 dpi print resolution are interconnected (Figure  0.4(b)) 
forming effectively various electrical paths throughout the entire network in the printed 
thin films. It is interesting to observe that further increase of the printing resolution can 
continue to reduce the sheet resistance of the thin films, but relatively less significant. 
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Figure  0.7 Measurement of sheet resistance of the printed silver thin films 
7.3.3	Transparency	
As can be predicted, the decrease or loss of transparency of the films may be inevitable 
as the films became denser by increasing the print resolution which can be confirmed 
by the measurement of transmittance of these films, and results are given in Figure  0.8. 
Indeed, the transmittance of the films decreases rapidly with the increase of printing 
resolution. The average transmittances of the films are 91.2%, 73.0%, 60.8% and 
19.1%, successively. From Figure  0.8, an absorption peak ranging from 420 nm to 450 
nm appears in each UV-Vis spectrum. Although the peak is slightly different than the 
reported absorption peak of nano silver (390 nm), [183] it is still well within the range 
of values that has been identified for nano silver in Ref. [184]. It is understood that the 
red shift of these peaks as the result of increasing printing resolution was caused by the 
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agglomeration of the silver nanoparticles, which indicates that a larger volume of 
precursor material can lead to a higher aggregation level of the resultant during the 
formation of the films. 
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Figure  0.8 UV-Vis spectrum of printed silver thin films 
7.4	Conclusion	
In summary, an in-situ synthetic process of fabricating transparent conductive silver 
thin films using inkjet printing has been developed, by which the silver micro-networks 
as the deposited films containing dendritic silver branches were formed. The 
mechanism of the in-situ formation of such dendritic structure has been discussed with 
the assistance of a schematic illustration. The results indicate that the density of the 
films which can be controlled through altering the packing of dendritic silver branches 
using different printing resolution will ultimately determine the conductivity and 
transmittance of the films. At a printing resolution of 600 × 600 dpi, thin films with a 
sheet resistivity of 200 Ω/sq and a transmittance ~73.0% have been obtained, which 
demonstrates the feasibility of the process.  
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Chapter 8 Conclusions and Future Work 
 
8.1	Main	conclusions	
This thesis has been focused on the preparation and optimisation of transparent 
conducting patterns by the inkjet printing process, targeting potential applications of the 
fabrication of photovoltaic devices. At the initial stage, the formulation of inkjettable 
inks and inkjet printing deposition of basic patterns were exercised to gain the 
underpinned fundamental knowledge for the subsequent stages of further investigations 
on the feasibility of inkjet printing of various TCPs using the prepared inks for each 
application. Three types of ink materials for printing transparent conducting patterns, 
i.e. PEDOT:PSS, ITO, and silver were selected for the ink formulation and tested in the 
inkjet printing trials. In the printing of PEDOT:PSS thin films, with an intention of 
further enhancing the electrical conductivity of the printed films, the work applied 
thermal annealing, solvent annealing as well as doping with nano-particulate 
conductors and their effects on the electric conductivity and optical transparency of the 
obtained PEDOT:PSS films have been investigated, which has indicated the increase of 
the conductivity. In the deposition of ITO thin films and tracks, MOD ITO inks and 
ITO nanoparticle inks have been for the first time developed and printed onto substrates 
using laser assisted inkjet printing. The locations and power of the laser radiation 
applied have been optimised during the printing process to obtain patterns with 
smoother morphology and high aspect ratio. A novel method which is capable of 
depositing semi-transparent thin films with uniformly distributed silver-grid patterns 
through self-assembly synthesis has been identified, thus the deposited microstructure 
was characterised in terms of electrical and optical properties. The primary scientific 
and technological findings can therefore be summarised as follows: 
1. The sheet resistivity and transmittance of the thin films prepared in this study, as 
well as the inkjet printed thin films that have been reported, are summarised in 
Figure  0.1. It can be concluded that both solvent annealing and doping conductor 
nano particulates can be incorporated in the inkjet printing of PEDOT:PSS patterns. 
Through the optimisations in this study, the functionality of the PEDOT:PSS thin 
films even achieved the same level of inkjet printed ITO thin films. However, in 
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contrast with solvent annealing, doping conductor nano particulates is less efficient 
in improving the electrical conductivity of PEDOT:PSS and also causes inevitable 
reduction in transmittance. Although inkjet printing is proved to be an alternative 
method to prepare ITO patterns, the sheet resistivity of ITO thin films prepared 
with inkjet printing is nearly two orders of magnitude higher than the ones 
prepared using traditional vacuum processes. The newly developed process of 
fabricating silver thin films in this study still needs to be optimised to produce 
silver thin films with lower sheet resistivity and higher transparency.  
 
Figure  0.1 Sheet resistivity and transmittance of reported inkjet printed thin films (coloured rectangular 
blocks) and thin films prepared in this study (coloured curves and dots) 
2. In the formulation of water-based inkjet inks, the addition of glycerol leads to the 
increase of viscosity, as well as a slight increase in the surface tension. Changing 
the temperature of the inks in the printing trials is also an effective method to alter 
the viscosity of inks. SDBS and JC-601 are identified as the suitable surfactants in 
reducing the surface tension of the inks. Post treatments of the inks, e.g. filtering 
and ultrasonic processing are essential to ensure the fluent and efficient printing. 
3. The simulation results generated from software FLUENT suggest that both surface 
tension and viscosity can significantly affect the formation of droplets. It has been 
found that the number of satellites that were formed can be effectively reduced by 
increasing surface tension of the inks, whilst viscosity of the inks exhibited a 
significant effect on the velocity of droplets that can be induced during inkjet 
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printing. The simulations have been validated through experimental printing trials. 
Such simulation are proven to be able to accurately predict the behaviour of the 
droplet formation, providing a useful guidance to further adjustment and 
refinement of ink properties based on the morphology of obtained droplets and 
behaviour of the inks in the inkjet printing. For the Spectra SE-128 printhead which 
has been used in the inkjet printing systems, the essential inkjettable condition, 
which can be measured using the parameter Z for the inks, must be Z ≈ 5. 
4. The retraction of droplet toward the chamber or jetting device is attributed to the 
upward velocity of droplets that can be induced when the droplets are formed by 
breaking from the orifice. The upward velocity has been usually caused by an 
excessive viscosity of the ink or an insufficient positive pressure of the applied 
waveform. The deviation of the flying pathway of droplets from the perpendicular 
direction is attributed to a horizontal velocity of the droplet which is normally 
induced by the heterogeneous surface condition of the inner wall of the nozzle. All 
these factors are vital in the inkjet printing to ultimately determine the final landing 
locations of the droplets onto the substrate surfaces, the experimental trials have 
been carried out to understand their effects as such the optimisation may be 
possible for properly control of printing process. 
5. The evaporation of the solvent liquid in the formed droplets can be significantly 
accelerated due to the preheat applied to the substrate after the droplets land on the 
surface, resulting in more obvious coffee stain effect and more regular dot outline. 
However, preheating cannot always lead to high resolution of the print as the 
increased wetting property of droplets caused by preheating can increase the 
spreading speed of the droplets at the same time. The optimal preheating 
temperatures that can assist to achieve the smallest size of features of the prints has 
been found to be greater than 80 °C for glass, but in a range of 30-40 °C for 
polyimide, 60-70 °C for FR4 and 50-60 °C for hydrophobic paper substrates. 
6. The optimal overlapping rates of neighbouring dots that can form continuous tracks 
with refined and smooth morphology for glass, polyimide, FR4 and hydrophobic 
paper are identified through the printing trials, and they are 27%, 32%, 33% and 
28%, respectively. The width of the track is normally smaller than droplet size due 
to the non-uniform spreading of inks at different directions after landed onto the 
surfaces. The thickness of thin films deposited by inkjet printing is dependent on 
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both the concentration of the solute in the inks and the value of dot spacing during 
the printing. 
7. The transmittance and surface uniformity at macro scale of the PEDOT:PSS films 
deposited by inkjet printing can be optimised by solvent annealing. The 
aggregation of PEDOT-rich particles has been observed in the PEDOT:PSS thin 
films, which is induced by the addition of glycerol in the PEDOT:PSS inks. This 
aggregation has led to an increase in conductivity of the films up to 300 times 
higher than that without aggregation, and an increase in the surface roughness at 
micro scale. The conductivity of the thin films printed with glycerol doped 
PEDOT:PSS inks can be further improved by post baking process. 
8. Thermal annealing of the thin films printed with pristine PEDOT:PSS ink leads to 
the degradation of PEDOT and PSS, resulting in a darker colour of the thin films, 
thus less transmittance to the light. Baking at 225 °C induces the aggregation of 
PEDOT-rich particles; nevertheless, the conductivity of the thin films is not 
improved by such aggregation as the connection between different PEDOT-rich 
particles is weakened by the degradation of PSS. It is highly recommended that the 
baking should be conducted below 300 °C, otherwise, the thin films may be 
susceptible to a damage the surface profile of the deposited thin films. 
9. PEDOT:PSS can be served as a reducing agent in the reduction reaction of silver 
nitrate, in-situ forming a mixture of Ag nanoparticles (NPs) and PEDOT:PSS 
solution. The size of the Ag NPs increases with the increase of reaction time, 
reaction temperature and concentration of silver ion. The dedoping of PSS from 
PEDOT during the reaction between silver nitrate and PEDOT:PSS is detrimental 
to the electrostatic interaction between PEDOT and PSS, leading to a reduction in 
the conductivity of the thin films deposited with inkjet ink developed from the in-
situ synthesised mixture. 
10. The conductivity of thin films printed with the inks formulated by dispersing Ag 
NPs into pristine PEDOT:PSS solution can be improved in comparison with 
pristine PEDOT:PSS thin films since the Ag NPs can bridge different PEDOT-rich 
particles providing more paths thus better electric connections. The lager the size 
and/or the higher content of Ag NPs are added, the more effective the increase of 
the conductivity of printed thin films. This is attributed to the increased surface 
areas of contact between PEDOT and the bridging Ag NPs through the increased 
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number of such connections. The addition of Ag NPs also causes certain reduction 
in the surface evenness of the deposited thin films. 
11. The light absorbance of the thin films printed with Ag NPs doped PEDOT:PSS 
inks is associated with the concentration of Ag NPs, following a quasi linear 
relationship. The addition of Ag NPs also affects the formation of oxide on the 
surface of PEDOT:PSS thin films, by forming the irregular islands in the films, and 
homogenously dispersed particles in the films without and with Ag NPs, 
respectively. 
12. The temperature of substrate has a strong influence on the morphology and 
properties of patterns deposited by inkjet printing using inks containing suspended 
solid particles. The conductivity of Ag NPs doped PEDOT:PSS thin films along 
the printing direction can be improved by three times if the temperature of the 
substrate increased from 20 °C to 80 °C by preheating, which is mainly attributed 
to the accumulation of Ag NPs during the ink drying process which can 
consequently cause the coffee stain effect.  
13. The critical thickness with respect to the emerging of cracks in the deposited ITO 
structures has been identified, and they are ~60 nm for the printed thin films with 
MOD ITO ink, and ~140 nm when using ITO nanoparticle ink. The average 
transmittance of ITO films printed with MOD ITO ink and ITO nanoparticle ink 
are ~85.9% and ~87.3%, respectively, which are comparable to the ITO thin films 
fabricated through conventional vacuum process. However, the sheet resistivity of 
the printed ITO films ranges from 1000 to 3000 ohm/sq, which is higher than the 
ITO thin films fabricated through conventional vacuum process. 
14. The optimal location of in-situ laser radiation is identified which should be 20 µm 
ahead of the landing point of the inkjetted droplet during the laser assisted inkjet 
printing of ITO tracks. With optimum set of parameters of laser power, the track 
width can be reduced by 3/5 with MOD ITO ink, and 2/3 with ITO nanoparticle ink 
in comparison without laser radiation. The conductivity of tracks printed with 
MOD ITO ink is not significantly influenced by the laser treatments. However, for 
tracks printed with ITO nanoparticle ink, the improved conductivity can only be 
achieved through the reinforcement of morphology as well as a high aspect ratio. 
15. The critical thickness for not causing cracking tracks is identified to be below 130 
nm for the ITO tracks printed with MOD ITO ink, and 500 nm for the ITO tracks 
printed with ITO nanoparticle ink, which both are higher than the critical thickness 
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for the printed films, indicating the possibility to fabricate thick ITO patterns 
through laser assisted inkjet printing, especially with the inks formulated with ITO 
nanoparticles. 
16. Semi-transparent silver thin films containing dendritic silver braches have been 
incidentally obtained by inkjet printing a layer of self-developed precursor ink 
followed by a baking process. The density of the films which can be controlled 
through altering the packing of dendritic silver branches using different printing 
resolution will ultimately determine the conductivity and transmittance of the films. 
Silver thin films with a sheet resistivity of 200 Ω/sq and a transmittance ~73.0% 
can be obtained, which demonstrated the feasibility of the in-situ synthesis process.   
8.2	Recommendation	for	future	work	
Due to the constraints of research facilities and time of undertaking this research, a 
number of areas have not been fully investigated. The following recommendations for 
future work can be outlined: 
1. The further characterisation in terms of stability of the formulated inks can be 
carried out to ensure the jettability of the developed inks for various applications. 
As aggregation of solid particles as well as existing agglomerated deposits inside 
the inks can potentially cause severe blocking of jetting devices during the jetting 
process, thereby the stability of an ink can be critical in determining the quality of 
prints, especially for the inks which may contain some suspended particles. 
However, long term ink stability or shelf life in terms of use of ink has not been 
concerned in this study, as all the inkjet printing in the experiments was 
implemented using the formulated inks within a short period of time of exposure to 
the ambient after filtering. According to the observation of the inks, sediments have 
been found in the Ag NPs doped PEDOT:PSS ink (Chapter 5) and precursor ink 
made of silver nitrate and glycerol (Chapter 7) after several days of standing. For 
this reason, the suitable dispersants are demanded for different types of inks to 
improve their shelf life or stability, thereby ensure the success of deposition of the 
inks in practical printing works if it needs a longer lead time. 
2. The impact of an ink droplet and interaction with substrate under various 
conditions in the inkjet printing can be very important and determine the 
morphology of final printed structures deposited by inkjet printing. This has been 
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investigated to certain degree in this study, but still demands further significant 
understanding. Although numerous formulas have been employed to understand 
the spreading behaviour of the droplets on substrates. Ultimately, a relationship 
should be established to calculate the diameter of obtained dots based on given ink 
properties (i.e. density, viscosity, surface tension) and substrate surface conditions 
(i.e. roughness, surface tension, temperature). This work can be further extended by 
adding a dimension of modelling or simulation which can assist an estimation or 
prediction of the formation of an ink droplet and its interactions with the substrate 
surfaces. 
3. It has been identified that glycerol can be used as the co-solvent in the solvent 
annealing of PEDOT:PSS, as such the results from the printing trials indicate that 
the conductivity of glycerol doped PEDOT:PSS has been significantly enhanced 
due to the increase of the content of glycerol. However, it has been found that, 
owing to the solubility limitation of the developed inkjet inks, the content of 
glycerol that can be added to the ink cannot succeed 35%. Therefore, it will be 
beneficial if any other types of co-solvent with lower viscosity (e.g. glycol) can be 
identified and considered as the additive components during the solvent annealing 
of PEDOT:PSS inkjet inks in future trials, which may enable the expansion of the 
properties of the inks. 
4. The experimental results from this work has indicated that the electric conductivity 
of PEDOT:PSS films can be enhanced by doping Ag NPs. However, the 
mechanism of the enhancement is mostly based on deduction and conjecture as 
have been proposed; this was not fully validated, therefore more experimental 
evidence may assist the elaboration of the detailed underlying mechanisms. One 
viable approach to this is to utilise a conductive AFM system and perform a scan 
across the cross section of Ag NPs doped PEDOT:PSS film. By doing so, it may be 
possible to identify a more effective conducting network which can be detected in 
contrast with pristine PEDOT:PSS films. 
5. In the deposition of ITO patterns using LIJ printing, it has been concluded that the 
critical thickness of crack for tracks is higher than the one for the films, and this is 
attributed to the change of geometry. It would be more beneficial to the industry if 
a quantitative relationship between the critical thickness and track width can be 
established using an appropriate mathematic model, which can also be verified 
through experimental study. This established relationship may allow predicting the 
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critical thickness of inkjet printed patterns based on given track widths in 
association with the specific applications. 
6. The initial experimental trials have demonstrated the feasibility of synthesising 
semi-transparent conducting silver thin film by depositing a layer of precursor 
material on substrate using inkjet printing. Although this novel approach can 
simplify the fabrication process and obtain finer structure, the electric and optical 
properties of the silver film are not fully satisfactory when compared with silver 
grids prepared using conventional methods. Therefore, there exists a further 
opportunity of exploring the mechanism of the formation of the films to enable an 
optimum process in terms of how the formulation of precursor ink and baking 
condition which can affect the size and preferential growth of the silver nano grains. 
There is a potential need to further investigate the printed deposits for the 
optimisation of the microstructure and the improvement of optical and electric 
properties of the deposited silver thin films. 
7. The multifunctional patterns prepared and investigated in this study can be 
integrated into photovoltaic devices (e.g. OLED, solar cells) to test the 
functionality. Therefore, if suitable equipment are available, and through 
collaborating with industry, a sets of specimens can be produced for various tests 
and trials to qualify the technologies that have been developed from this study. 
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Appendix 
#include "udf.h" 
#include "sg.h" 
#include "sg_mphase.h" 
#include "flow.h" 
 
#define PI 3.141592654 
 
DEFINE_PROFILE(membrane_pressure，        /* function name   */ 
               th    ，                     /* thread          */ 
               nv)                        /* variable number */ 
{ 
  face_t f; 
  real x[ND_ND]; 
  real f_time = RP_Get_Real("flow-time"); 
 
  begin_f_loop (f，th) 
    { 
      F_CENTROID(x，f，th); 
      if (f_time<=8e-6) 
      { 
    F_PROFILE(f，th，nv) = -40000*sin(PI*f_time/(8e-6));  
     } 
   else if(f_time>8e-6&&f_time<=20e-6) 
   { 
    F_PROFILE(f，th，nv) = 100000*sin(PI*(f_time-8e-6)/(12e-6)); 
   } 
   else if(f_time>20e-6&&f_time<=36e-6) 
   { 
    F_PROFILE(f，th，nv) = -60000*sin(PI*(f_time-20e-6)/(16e-6)); 
   } 
      else 
        F_PROFILE(f，th，nv) = 0; 
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    } 
  end_f_loop (f，th) 
} 
 
